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ABSTRACT 
Combined Heat and Power Generation (CHP) or cogeneration has been 
considered worldwide as the major alternative to traditional energy systems in terms 
of signi ticant energy saving and environmental conservation. A renewable energy 
resource-fuelled CHP would deliver even more environmental benefits than a fossil 
tuel-driven CHP. Biomass is one of the renewable energy resources that plays an 
important role to the world primary energy supplies and can be used to fuel CHP 
systems. Many medium- and large-scale biomass-fired CHP plants have been 
demonstrated and commercialized in the world. However, biomass-fuelled micro-
scale CHP (1-1 OkW c> which is suitable tor building applications has yet to be 
commercialised or demonstrated. 
The development and evaluation of a micro-CHP system operating on biomass 
energy has been the focus of this PhD research. It is an integral part of an externally 
funded research project which aims to develop and evaluate a novel, first-of-its-kind, 
micro-scale (l - 2 kWe) biomass-tired CHP system suitable for public and large 
domestic buildings' applications. The specific tasks of the present PhD research arc: 
To thermodynamically model the micro-scale biomass-fired CHP system with 
organic Rankine cycle (ORC): different environment-friendly working fluids are to be 
modelled with the ORC processes. 
To experimentally evaluate the micro-scale biomass-tired CHP system 111 
tenns of power generation and combined heat and power pertormance. 
• To experimentally investigate the combustion performance and NOx 
emissions of the biomass pellet boiler which is a key component of the micro-scale 
biomass-fired CHP system. 
The micro-scale biomass-tired CHP system with ORC developed by the research 
team of University of Nottingham including the author of this PhD thesis mainly 
consists of a biomass boiler, an ORC fluid evaporator, an ORC turbine, an alternator, 
a heat reeouperator and a condenser. The boiler produces hot water which transfers 
heat to the organic working tluid via the evaporator. The generated organic fluid 
vapour drives a turbine to rotate an alternator, producing power. The expanded 
II 
organic f1uid vapour leaving the turbine transfers some of its heat to the recouperator 
and then is condensed by cooling water which can be heated to around 40 - 50 (}C for 
domestic washing and under-floor heating purposes. 
The main methodologies of the present PhD research are the thennodynamic 
modelling of the proposed micro-scale biomass-tired CHP system with ORC and the 
laboratory testing of the assembled micro-scale biomass-fired CHP system and its 
main components (biomass boiler, ORC turbine, alternator, heat exchangers etc.). 
Literature review has demonstrated that the biomass-fired micro-CHP systems for 
buildings present many advantages compared to conventional separate heating and 
power supply systems (e.g. a dedicated boiler for heating and grid for power supply) 
as they can present higher primary energy savings and lower co? emissions. ORC is a 
suitable thennodynamic cycle that could be used for micro-CHP systems while 
operating with waste heat and renewable energy resources which are available at 
relative low temperatures. 
Thennodynamical modelling of the proposed micro-scale biomass-fired CHP 
system with ORC has been carried out and the results have been presented and 
discussed in the thesis. Three different environment-friendly working fluids, namely 
HFE7000, HFE7100 and n-pentane, have been modelled with various ORC process 
contib'Urations. 
The laboratory testing of the assembled micro-scale biomass-fired CHP system 
and its main components (biomass boiler, ORC turbine, alternator, heat exchangers 
etc.) has been carried out initially with a 25kW biomass boiler and then with a 50kW 
biomass boiler. The main purpose of the laboratory testing has been to evaluate the 
main energy efticiencies (the electrical efficiency and the total CHP efticiency) of the 
assembled micro-CHP systems. The combustion perfonnance and NOx emissions of 
each biomass boiler have also been investigated as the biomass boiler is a key 
component of the micro-scale biomass-tired CHP system. The experimental findings 
of these laboratory tests are presented and analysed in the thesis. 
III 
Finally, the conclusions of the present PhD research have been given. The 
modelling results have shown that the electrical efficiency of the micro-CHP system 
depends on not only the modelling conditions but also the ORC fluid. A comparison 
of the three fluids generally follows the following order: n-pentane > HFE7000 > 
HFE7100. For the laboratory test, the 25kW biomass boiler-driven micro-CHP 
system, having an ORC efficiency in the range of 2.20% - 2.85%, can generate 
electricity of 344.6W and heat of 20.3kW, corresponding to electricity generation 
efficiency 1.17% and CHP efficiency 86.22%. And the 50kW th biomass boiler-driven 
micro-CHP system, having an ORC efficiency of 3.48% - 3.89%, can generate 
electricity of 748.6W and heat of 43.7kW, corresponding to electricity generation 
efficiency 1.43% and CHP et1iciency 81.06%. 
IV 
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Chapter 1. Introduction 
1.1. W orld Primary Energy Demand 
The development of economy and technology has brought a s ignifi cant increase in 
energy demand aro und the wo rld. Acco rding to the data fro m lEA, in 2007, the to tal 
primary energy supply of the worl d was 12029 Mtoe (millio n metri c ton equi va lent 
of oil) , or 492 EJ ( I EJ= 10 18 J). Comparing with the tota l primary energy uppl yof 
6 11 5 Mtoe in 1973, the re has been a dramati c increase over the pas t decades 
( Internati onal Energy Agency "Worl d Energy Outlook 2008" 2008). Thi s i illustrated 
in Figure 1.1. 
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Figure 1.1 Wo rld total prima ry energy supply by fu el (Mtoe) (I EA 2008) 
Economic growth i deemed to be the mo t impoliant determinant of the overall 
demand fo r energy service by far. Over the past 30 year , the global economy keep 
growing at 3.3% per year. Simultaneously, the e lectri cal energy demand increa ed at 
3.6% per year in thi peri od . T he Energy O utlook of lEA (Internati ona l Energy 
Agency "World Energy Outlook 200 " 200 ) predi cted that the world economic 
growth would recover to aro und 4.5% per year by the turn of the coming decade 
(from 20 II to 2020), but would s low progres ively thro ugh to 2030. Thi s means the 
wo rld GOP wa ex pected to grow by the same average of3.3% per year a of the pas t 
30 yca rs over the period 2006-2030. Si m ilar projections havc been pub lished with the 
latest lEA's Intel11ati ona l Energy O utl ook ( Internat iona l Energy Agency "World 
Energy Outlook 2009" 2009) . 
T he energy resources can be plit into three catego ri es : foss il fu els, renewabl e 
reso urce and nuclear re o urccs(A Dem irbas 2000) . Fos il fuels have long been 
recogni zed a the upperm ost conventional energy resource and acco unt fo r most of 
the wo rld energy suppl y. During the past decades, the energy needed for the 
world w ide economic s tability and development which approx imately doubl ed 
between 197 1 and 2007 as shown by Figure 1.1 , has been ma inl y deri ved from fos il 
fuels. Acco rding to the data of I EA (F igure 1. 1), o il was th e main so urce of energy, 
whi ch fo llowed by coa l and nat ura l gas. Although some of th e non-foss il energy (such 
as nuclear and hydropower) have increased visibl y, foss il fu els have still mainta ined 
their shares of the world energy suppl y re lati vely unchanged over the co urse of the 
past 35 years. The compari on of the world primary energy shares between 1973 and 
2007 are shown in Figure 1. 2. O il, coal and natural gas had hared 86% of the world 
energy suppl y in 1973 and thi s percentage s li ghtl y fe ll down to 8 1.4% III 
2007(lnte l11ati onal Energy Agency "Key World Energy Stati sti cs" 2008) . The latest 
lEA ' s I nte l11ationa! Energy Outlook showed that oi I, coal and natural gas provided 8 1 % 
of the world primary energy suppl y ( lntem ati ona l Energy Agency "C02 Emis ions 
from Fuel Combusti on 20 10" 20 10) . 
1973 2007 
1 12029 l oe ) 
·0 
Figure 1.2 World primary energy shares in 1973 and in 2007 (I EA 2008) 
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1.2. Greenhouse Gas Emissions and Climate Change 
As the Intergovell1mental Panel on C limate C hange (IPCC) concluded in its fourth 
assessment repol1: "mo t of the ob erved increase in global average temperature 
ince the mid-20 th century is very likely due to the observed increase in anthropogenic 
greenhouse gas concentrations"(lntergovemmental Panel on Climate Change 2007) . 
This leave little doubt that human activity is the main cause of the g loba l wann ing 
observed over the la t 100 years, especially during the last 50 years. Most scienti ts 
have now broadly accepted the link between greenhouse ga emissions and g loba l 
climate change. The increased concentrations of key greenho use gases (G HG) are a 
direct consequence of human activities, particularly the conti nuously increas ing 
consumption of energy which i largel y derived from the combustion of foss il fuels . 
Combustion of fossi l fuels a lways leads to the em issions of greenho use ga e , 
particularly carbon dioxides (C02) which are the main anthropogenic greenhouse 
ga es in the atmosphere. 
CO2 
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Coal/peat Oil Gas Other 
Figure 1.3 C02 Emiss ion by Fuel (International Energy Agency "C02 
Emiss ions from Fuel Combustion 2010" 2010) 
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T he total annual emi sions of anthropogen ic GHGs have been con tinuo usly ri sing 
for many decades. Accord ing to 1 EA ( Intelllational Energy Agency "C02 Emi ss ion 
from Fuel Combu tion 20 I 0" 20 10), the energy prod uction and use contributes about 
65% of global anthropogeni c greenho use ga emiss io ns. FurtheI1110re, CO:! emi ssions 
fro m the consum ption of fos il fuel are the main source of anthropogeni c CO:! 
emi ssion . Figure 1.3 clearl y demonstrates that over CO:! em issions due to energy use 
have bcen on the increase for the past decades . Dctail ed compari sons of CO2 
emissions in 1973 and in 2007 are hown in Figure I A . The world man-made CO2 
emi ssio n increased from 15640 Mt of CO2 in 1973 to 28962 Mt of CO:! in 2007 . In 
2007, 42.2% of the worl d man-made CO2 emiss ions was due to coa l consum ption, 
wherea 37.6% and 9.8% were due to oi l and natu ral gas con umption , respecti vely. 
For many developing countri es such a China and India, coal is to be fil ling much of 
the growing energy demands for coming decades. Reducing em issions m ust 
nece aril y tart w ith actions geared to reduce emi ssion fo nTI fuel comb ustion. 
(lnteI11ati onal Energy Agency "C0 2 Emission from Fuel Combusti on 20 I 0" 20 I 0) . 
1973 200 7 
37 
115 6 40 M e o f C ~ ~ I 128 96 2 t of CO] ) 
Figure 1.4 1973 and 2007 fu el sha roes of C02 em is ions( lntern a tion a l Ener gy 
Agency " Key Wo rld Energy Statistics" 2008) 
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A number of scientific studies have revealed that the overall CO2 levels in the 
atmosphere have been on the increase for past 200 years. Over the last three decades, 
the C02 emissions have increased by an average of 1.6% per year (as shown by 
Figure 1.3). With the fastest growth in the last ten years (l.9ppmv per year from 1995 
to 2005), the 2005 concentration of CO2 in the atmosphere had reached 379 ppmv, 
which was about 35% higher than that of 150 years ago. 20 Giga tonne of C02 added 
to environment over the past 150 years. During the pre-industrial era, the CO2 
concentration in the atmosphere had kept at a rather steady level of about 280 ppmv. 
Meanwhile, over the past 150 years emissions of methane (CH4) and nitrous oxide 
(N20) have also increased at comparable levels to that of C02 emissions. The total 
CO2 equivalent (COreq) concentration of all long-lived GHGs in the atmosphere is 
currently estimated to be about 455 ppm CO2-eq (International Energy Agency "C02 
Emissions from Fuel Combustion 2010" 2010). The trends of continually increasing 
GHGs are expected to continue if additional low-carbon energy policy actions are not 
taken worldwide. 
According to the year report of the Intergovernmental Panel on Climate Change 
(2007), as a result of the increases in GHG concentrations in the atmosphere, the 
average global temperatures are likely to rise between 1.1°C and 6.4°C (with a best 
estimate of 1.8 to 4°C) above 1990 levels by the end of this century, depending on our 
future greenhouse gas emissions. Arctic sea ice has thinned by 40% and decreased in 
extent by 10-15% in summer since the 1950s. Therefore, the increasing of global 
temperature will ultimately result in global sea levels rising by at least 26 to 59cm by 
the end of this century, continued melting of ice caps glaciers and sea ice, significant 
changes in rainfall patterns and intensification of tropical cyclones such as hurricanes 
(Intergovernmental Panel on Climate Change 2007). 
Further development of the world economy and human activities will continue to 
demand more primary world energy supplies. It can be projected that the world GHG 
emissions would continue to grow if the world sticks with the current energy policy 
which heavily relies on fossil fuels to meet the global energy demand and ultimately 
lead to a significant adverse impact on the environment, resulting in increased health 
risks and the threat of global climate change. The continued increase use of fossil 
fuels also diminishes the limited world fossil fuel reserves and hence leads to the 
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problem of energy security for the growing world population. According to (Shafiee 
et al. 2009), the expected fossil fuel reserve depletion times for oil, coal and gas of 
approximately 35, 107 and 37 years, respectively. This means that coal reserves 
(Table 1.1) are available up to 2112 and will be the only fossil fuel remaining after 
2042. 
Table 1.1 Location of the world's main fossil fuel reserves in 2006(Shafiee et 
al. 2009) 
Region 
North America 
South America 
Europe 
Africa 
Russia 
Middle East 
India 
China 
Australia and East 
Asia 
Total 
Fossil fuel reserve (Giga tonnes of oil equivalent) 
Oil Coal Gas Sum 
8 170 7 185 
15 13 6 34 
2 40 5 47 
16 34 13 63 
18 152 52 222 
101 o 66 167 
62 64 
2 76 2 80 
2 60 10 72 
165 607 162 934 
It is now clear that any effort to maintain atmospheric levels of greenhouse gas 
cannot be based fundamentally on a fossil fuel global economy. A transition to 
renewable-based energy systems should be taken place immediately. 
There are a number of renewable energy resources such as biomass, wind, solar, 
hydropower, and geothermal that can substitute or reduce the use of fossil fuels. The 
potential of renewable energy resources is enormous as they can in principle meet 
many times of the world's energy demand. 
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1.3. Renewable Ene.-gy Resources 
A pointed out above, currently most of the world primary energy i supplied by the 
diminishing fossi l fuel s. To tackl e the future prob lems of the continuously ri s ing CO2 
emis ions, the global climate change and the energy crisis, it is imperative for the 
world and all of the nations to take immedi ate actions, finding the ways of reducing 
the ir C02 emissions such as replacing foss il fu els with renewa bl e energy to meet their 
ever increa ing energy demands . 
• Thermal o uclear D Hydro Other" 
Figure 1.5 Evolution from 1971 to 2007 of world electricity generation by the 
power plant type (TWh) (International Energy Agency" Key World Energy 
Statistics" 2008) 
Renewable energy i energy which come from natura l resources such as unlight, 
wind , rai n, tides, and geothenn al heat, whi ch are naturally repl en ished . In 2008, about 
19% of globa l final energy con umpti on came from renewable re o urces, with 13 % of 
thi upply wa dominated by traditional bi oma , most ly fue l wood used for cooking 
and heat ing in developing countri e , and 3.2% from large hyd ropower stations, which 
provided over 15% of the globa l electri city supply (Figure 1.5)(lnternational Energy 
Agency "Key World Energy Stati tic " 2008) .Other renewable energy re ource 
(so lar energy, wind energy, modern bio -energy, geothemlal energy, and small 
hydropower) are cun·ently contributing for another 2.7% to the world primary energy 
suppl y and are growing very rapid ly(Sawin el al. 20 I O).The share of renewable 
energy in electri ci ty generation i around 18%, with 15% of globa l electricity com ing 
from hyd roe lectricity and 3% from new renewable re ource . Renewable energy 
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resources are sustainable based on current and future economic and social societal 
needs, producing minimum environmental impacts, and secondary wastes. 
Renewable energy technologies are still under development. Although some of 
these technologies are widely accepted and have potential comparable to traditional 
energy technologies. For instances, solar water heater and solar cook are widely used 
all over the world, and wind energy for electricity production today is a mature, 
competitive, and virtually pollution-free technology widely used in many areas. There 
are still many more renewable energy technologies that have limited 
commercialization and still depend on attracting sufficient attention and research as 
shown in Table 1.2. 
Table 1.2 Main Characteristics of Different Renewable Energy Technologies 
(Jacobsson et al. 2004) 
Catel!orv Conversion SYstem Scale Ranl!e Efficiencv. % A vailabilitv 
Combustion/stand alone 20.0-100.0 20-40( electl 
Combustion/CHP 0.1-1.0 60-60(H+P} 
Combustion/CHP 1.1-10.0 80-100(H+P) 
Biomass Gasification/Diesel Turbine 0.1-1.0 IS-2S(electl Seasonal, climate dependent 
Gasification/Gas Turbine 1.0-10.0 2S-30( elect) 
Gasification/BIG/CC 30.0-100.0 40-SS( electl 
Dil!estion/Wet Biomass Up to several I O-IS( elect) 
Wind Modem wind turbines -SO Hil!h}y variable 
Drv Steam Plants 3S.00-120.0 
Flashed Steam Plants 10.00-SS.0 Constant 
Geothermal I 0-25( elect} (capacity factor 
Binarv Cycle Plants 0.25-130.0 over 90%) 
Combined Cvcle Plants 10.00-130.0 
IHRR ORC 0.25-20.0 1O-20( elect) Constant 
Hvdro Run-of-River 0.1-14000 80-93( elect) Hydrology 
Hydro Reservoir storal!e 1.0-18000 80-93( elect) Utilisation factor 
Photo voltaic (PV) O.OS-l.OkW 1O-IS( elect) Daily weather Solar dependent 
Thermal 5.0-100.0 1O-24( elect) 
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Renewable energy resources have the potential to playa more important role in 
the world's future energy supply than of today. In contrasting to fossil fuels, 
renewable energy resources such as solar and wind represent clean and inexhaustible 
energy resources and are the key to the low-carbon energy future(Bilgen et al. 2004). 
Dramatic increases in the use of renewable energy resources for the generation of 
electricity and heat, and transport should be targeted as soon as possible. At the 
present time, renewable energy is often founded on small-scale and decentralized 
applications. For instance in electricity generation, renewable systems based on PV 
arrays, windmills, biomass or small hydropower, are often used to supplement the 
main stream large-scale centralized power plants, although over 15% of the world 
electricity is currently generated from hydropower stations as already illustrated by 
Figure 1.5. Renewable energy systems can be the mass-produced "energy appliances" 
capable of being manufactured at low cost and tailored to meet specific energy loads 
and service conditions. These systems can have dramatically reduced as well as 
widely dispersed environmental impacts, rather than larger, more centralized impacts 
that in some cases such as with large-scale fossil fuel power plants are senous 
contributors to ambient air pollution, acid rain, and global climate change. 
A number of studies have investigated the potential contribution of renewable 
energy resources to the global energy supplies and concluded that in the second half 
of the 21 sl century their contribution might range from the present figure of less than 
20% to more than 50% with the right policies in place. For example, studies carried 
out by the European Renewable Energy Council (EREC), together with its member 
associations, concluded that a share of renewable energy up to 47.7% worldwide is 
possible by 2040 as shown in Table 1.3. The studies were based on the assumptions, 
which were derived from their experiences and cumulative knowledge, on expected 
annual installations growth rates of current different technologies (European 
renewable energy council 2004). 
Table 1.3 clearly shows that renewable energy resources, especially the biomass, 
are pivotal to our future growth of energy resources. The development and use of 
renewable energy resources can not only enhance diversity in energy supply markets, 
but also contribute to securing long term sustainable energy supplies, help reduce 
local and global atmospheric emissions. Comparing with other renewable energy 
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resources such as solar and wind, biomass has the advantage for non-intermittent 
supply and operation. It can also be converted into various useful forms of energy 
such as heat, electricity and liquid fuels. The generation of electricity and heat was by 
far the largest producer of CO2 emissions and was responsible for 41 % of the world 
CO2 emissions in 2008 (European renewable energy council 2004). Power generation 
relies heavily on coal, the most carbon-intensive of fossil fuels, amplifying its share in 
worldwide global emissions. Countries such as Australia, China, India, Poland and 
South Africa produce between 69% and 94% of their electricity and heat through the 
combustion of coal. China and India are the currently largest and the fourth largest 
C02 emitters among all nations as shown in Figure 1.6(lntemational Energy Agency 
"World Energy Outlook 2008" 2008). Biomass can not only provide commercially 
attractive options to meet specific electricity service needs of developing countries 
such as China and India and rural areas but also reduce their C02 emissions. 
Table 1.3 Global renewable energy scenario by 2040(European renewable 
energy council 2004) 
2001 2010 2020 2030 2040 
World Primary Energy 
10038.3 10549 11425 12352 13310 Consumption (IIASA) 
Biomass 1080 1313 1791 2483 3271 
Large Hydro 222.7 266 309 341 358 
Small Hydro 9.5 19 49 106 189 
Wind 4.7 44 266 542 688 
PV 0.2 2 24 221 784 
Solar Thermal 4.1 15 66 244 480 
Solar Thermal Electricity 0.1 0.4 3 16 68 
Geothermal 43.2 86 186 333 493 
Marine 
0.05 3 20 (tidal/wave/ocean) 0.1 0.4 
TOTAL RES 1364.5 1745.5 2694.4 4289 6351 
Total RES Contribution 
13.6 34.7 47.7 (%) 16.6 23.6 
*Projections in million tons of oil equivalent (Mtoe) 
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Figure 1.6 Top 10 emitting countrie in 2008 (International Energy Agency 
"World Energy Outlook 2008" 2008) 
lA. Energy Policies of the European Union and United Kingdom 
The gr v.1h of the world ' econom and the development of human aetiviti e 
req uire an incrca e in the world en rg upply. Conventional energy re ource ba ed 
on oil, coal , and natural ga have pro en to be the highly ffecti e driver of 
economl progre , but at the ame time cau ing damage to the envi ronment and 
human health. Th r fore, the traditional fo il fucl-ba ed energy re ource are 
facing in rea ing pre ure from a ho t of en ironmental organi ation worldwide. To 
reduce the greenhou e ga emi ion of differ nt countrie , the Climate Convention 
wa igned in Rio in 1992 to foreca t, prevent, and limit the cau e of climate change 
and reduce an negati effect to the environment( econd World Climate 
Conference 1992) . Thi conv ntion had b en extended in 1997 in Kyoto, 
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Japan(United Nations Framework Convention on Climate Change 1997}. The 
international treaty of Kyoto Protocol on GHG reduction targets set legally binding 
objectives and quantified emission limitation and reduction. The UN and many 
industrialized countries had committed to reduce GHG emissions by 2008 - 2012 
compared to the emission levels recorded in 1990. Furthermore, by year 2050, the 
industrialized countries had to reduce their emissions by four to five times. It is clear 
that any effort to maintain atmospheric levels of GHG emissions around 550 ppmv 
C02-equivalent cannot be based fundamentally on an oil and coal-powered global 
economy, barring radical carbon sequestration efforts. 
Table 1.4 National renewable targets(European Commission 2010) 
Member States Share of energy 2005 * Target for share of energy 2020* 
Denmark 17.00% 30% 
Germany 5.80% 18% 
Spain 8.70% 20% 
France 10.30% 23% 
Italy 5.20% 17% 
Poland 7.20% 15% 
Austria 23.30% 34% 
Finland 28.50% 38% 
Sweden 39.80% 49% 
United Kingdom 1.30% 15% 
*from renewable sources in final consumption of energy 
The European Union has committed to reduce its greenhouse gas emissions by 8% 
to 12% by 2008-2012, referred to the level of 1990, and 20% GHG reduction among 
EU countries by 2020. Appropriate energy policies are vital to attain these objectives 
and bring about the transition to a low-carbon economy within the EU. According to 
Europe 2020(European Commission 2010), the EU's growth strategy for the coming 
decade, the Europe Union should reduce greenhouse gas emissions by at least 20% 
compared to 1990 levels, or by 30% if the conditions are right, and increase the share 
of renewable energy in final energy consumption to 20%, and achieve a 20% increase 
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In energy efficiency(European Commission 2010). The strategy specifically set 
national renewable energy targets for each Member State as shown in Table 1.4. 
European Commission also passed a directive on the promotion of electricity 
produced from renewable energy resources setting a target of 21 % of renewable 
energy share in electricity production by 2010. The vision of the EU-25 (European 
Union 2004) which follows the EU' s initial target of 12% renewable energy by 2010 
sets the new targets for the share of the renewable energy of 35% by 2030 and 65% 
in 2050 (European Parliament 2001). 
UK signed the Kyoto Protocol in December 1997 which became legally binding in 
February 2005. Accordingly, GHG emissions of the UK were required to be reduced 
by 12.5% between 2008 and 2012 and to seek to reduce emissions to 20% below 1990 
levels by 2010 (DWFRA UK 2007). However, many parts of the UK's energy policies 
are governed or affected by the legislations or policy initiatives agreed with other EU 
countries. For example, renewable energy targets (electricity, bio-fuels and heat) will 
playa part in achieving the EU's overall 20% target for renewable energy in the 
energy mix, and the UK's national target of 15%. 
In 2005, the UK produced only 1.3% of final energy from renewable resources 
and the only Member States that produced less percentage of their energy from 
renewable energies in the Europe Union were Malta and Luxembourg. Therefore, a 
radical increase in the use of renewable energy in the UK is urgently needed and 
should be an integral part of the UK energy strategy to decarbonise energy production 
in the future. This is also a significant economic opportunity for the UK to move into 
a low-carbon economy as it can not only ensure the security and safety of future 
energy supplies but also spread the energy costs fairly. Renewable energy has a key 
role to play in enabling the UK to meet its future energy challenges. Alongside with 
energy saving, nuclear power, carbon capture and storage arid other low-carbon 
technologies, renewable energy technologies should be well developed to meet the 
UK's national goals over the coming decades. The UK Renewable Energy Strategy 
(Secretary of State for Energy and Climate Change 2009) stated that the overall fossil fuel 
demand of UK should be reduced by around 10% and gas imports decreased by 20-30% 
against what they would have been in 2020. Another outstanding opportunity for the 
UK economy with the potential of renewable energy is to create up to half a million 
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more job in renewable energy ector resulting from around £ 100 billion of new 
inve tmen!. By the year of 2020, more than 30% of the electricity, 12% of heat , and 
10% of tran p0l1 energy ean be generated from rene\ able a illustrated by Figure 1.7 
( ccrelary of late for En rgy and CI imate hange 2009). The K' renewable fu els, 
material and product can be deri d from a wide range of crops and other biomas 
including fore try, agricultu ral re idue and other organic waste . They can substitute 
for fa il or mineral re urce for the production of vari ou product and therefore 
help mitigate climate. 
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Figure 1.7 Illu trati e mix of technologie in lead scenario, 2020 (TWh) 
In addition to nvironmental benefit, u ing more renewable energy re ource 111 
the K en erg mix may aloha e other econ mic benefit in the future. Dema nd for 
fo sil fuel are continuou Iy in rea ing, particularly due to the huge 1  e 111 
population and \\calth of cmerging e onomie uch a China and Ind ia. eanwhi lc, 
extracting 1'0 iI fu I from remote countrie and regIOn alway ontai n 
unprcdi tablc 11 k and the K' a n oiland ga reource decline, Kwi ll 
be marc r lying on foreign import of ga and oil and be ome more pa ive to the 
hi gh oil and ga price of orld nerg mark t. The 2050 Pathway of DECC 
(Departm nl of nerg limate hange "2050 Pathway naly i " 20 10) poi nted 
out that there are vanou po ible ombinati n of three different low earb n 
techn logi which hould work in th K pow r etor: renewable energy, nuclear, 
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and carbon capture and storage. Recently, the UK Government has extended the 
Carbon Emissions Reduction Target (CERT) of 12.5% to the end of 2012 (Office of 
Gas and Electricity Markets 2011). According to the Energy Strategy of EU, UK 
should also move from the current 20% target to a 30% target for GHG emission 
reductions by 2020 (Department of Energy & Climate Change "Annual Energy 
Statement 2010" 2010). To achieve these targets, the UK will have to accelerate the 
applications of renewable energy and energy efficiency measures such as 
implementing insulation measures to the existing buildings. Renewable energy 
resources such as biomass, wind, solar, hydropower, and geothermal can provide 
sustainable energy services to the UK and therefore a transition to renewable-based 
energy systems in the UK is very much possible and is now looking increasingly more 
likely. Besides, the costs of renewable energy such as solar and wind power systems 
have dropped substantially over the past 30 years, and continue to decline, while the 
price of oil and gas continue to rise. According to the European Renewable Energy 
Council in 2006, in developed countries there is a growing trend toward employing 
modern technologies and efficient bio-energy conversion using a range of biomass, 
which are becoming cost competitive with traditional fossil fuels (Kralova Iva et al. 
2010). In fact, fossil fuel and renewable energy prices, social and environmental costs 
are heading in opposite directions. It is becoming clear that the future growth in the 
energy sector of the UK is primarily in the new regime of renewables, and to some 
extent natural gas-based systems, and not in conventional oil and coal sources. 
Financial markets are awakening to the future growth potential of renewable and other 
new energy technologies, and this is a sign of the economic reality of truly 
competitive renewable energy systems (A.V. Herzog et al. 2002). 
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1.5. Energy Use in the UK Residential Sector and Its CO2 Emissions 
The UK residential sector accounted for about 30% of the nation ' s total energy 
end-use and more than one-quarter of its total OHG emissions. This includes both 
direct and indirect (such as electricity) energy use as shown in Figure 1.8. The power 
sector is particularly important in this context because the residential sector accounts 
for about 35% of the UK's total electricity consumption (R. Kannan. et al. 2009). 
Residential energy end-use also accounts for more than 40% of the EU's final energy 
demand (European parliament and of the council 2006). 
~ T r r sport 
H2 Pr U IOn 
Figure 1.8 Share of sectoral f"mal energy demand and C02 emissions for the 
BASE and C-2030 scenarios in 2050(R. Kannan. et al. 2009) 
The UK government has set a ground breaking target of 60% reduction of 10ng-
tenn national carbon dioxide (OHO) emissions by 2050, from the level of 
2000(Committee on Climate Change UK 2008). This stringent target needs all sectors 
including the residential to contribute substantially to emissions reductions. A much 
broader range of current and anticipated policies are needed to address the emissions 
reductions options across all sectors of the UK economy(Department for Environment 
et at. 2006). EU had introduced the Directive on the End-Use Efficiency and Energy 
Services of Building Sector to reduce energy consumption(European parliament and 
of the council 2006). 
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Figure 1.9 how the common energy tructure in the UK residenti al sector( R. 
Kannan . (!/ 01. 2009) . Ii ted on the left hand side of the figure, CO2 emi sion from 
the energy use in the re idential ector compri e of the direct emission a ociatcd 
with the u e of fuel (ga , oil , etc) and the indirect emi ion as ociated with the use of 
electri city, di trict heating and cool ing. A wi de appli cation of micro-generation 
technologic in the re idential ector will lead to the reduction of C0 2 emissions from 
the sector a the mi cro-generation can lead to hi gher efficiency, lower demand for 
grid electri ity and/or fuel . 
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Figure 1-9 Energ. tructure of res identia l ector in the UK(R. Kannan. et a l. 
2009) 
In general , th re are mainly two type of micro-generation technologies that can 
be u cd in the re idential ector: on i to generate electricity only uch a olar PY 
and micro wind tu rbine, and the other i to generate both electricity and heat such a 
natural gas-ba ed micro- cale c mbined h at and power ( HP). The u e of micro-
cale mbined heat and power tern in the re id ntial ector could have 
ubstanti al benefit in tcnn of energy cffi iency and reducing environmental impact . 
The environmental benefit of u ing miero- calc CHP in building could be even 
bi gger if the micro- cal HP i fuel led by a renewable r ource uch a bioma s. The 
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development of a micro-scale biomass-fuelled CHP has been the main topic of the 
present research over the past several years. 
1.6. Project Objectives, Methodology and Thesis Outline 
The present PhD research is an integral part of a bigger externally funded research 
project which aims to develop and evaluate a novel, first-of-its-kind, micro-scale (1 -
2 kWe) biomass-fired combined heat and power (CHP) system suitable for public and 
large domestic buildings' application. The specific objectives of the overall project 
are: 
• To prove that the concept of power generation through biomass combustion 
combined with an organic Rankine turbine cycle (ORC) is suitable for 
biomass-fuelled CHP systems as small as (1 - 2) kWe; 
• To design, construct and evaluate the first-of-its-kind, micro-scale biomass-
fired CHP system; 
• To thermodynamically model the proposed micro-scale biomass-fired CHP 
system. 
The specific tasks of the present PhD research are: 
• To thermodynamically model the micro-scale biomass-fired CHP system 
with ORC: different environment-friendly working fluids will be modelled 
with the ORC process. 
• To experimentally evaluate the micro-scale biomass-fired CHP system in 
terms of power generation and combined heat and power performance. 
• To experimentally investigate the combustion performance and NOx 
emissions of the biomass pellet boiler which is a key component of the 
micro-scale biomass-fired CHP system. 
The main methodologies of the present PhD research are the thermodynamic 
modelling of the proposed micro-scale biomass-fired CHP system with ORC and the 
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laboratory testing of the assembled micro-scale biomass-fired CHP system and its 
main components (biomass boiler, ORC turbine, alternator, heat exchangers etc.). 
Following the introduction of relevant background of the research in this Chapter 
(Chapter I), Chapter 2 of the thesis will review literature related to biomass, CHP and 
biomass-fuelled CHP. Chapter 3 will present the details of thermodynamic modelling 
of the proposed micro-scale biomass-fired CHP system with ORe. Chapter 4 will 
describe the details of the laboratory testing system of the assembled micro-scale 
biomass-fired CHP system and its main components. Experimental results and their 
discussion will be presented in Chapter 5, and finally conclusions and future research 
recommendations will be given in Chapter 6. 
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Chapter 2. Literature Review 
2.1 Biomass as a Renewable Energy Resource 
As explained in the last chapter, using fossil fuels to meet the increasing world 
energy needs have led to environmental pollution globally. However, nowadays many 
renewable energy sources were defined to be reliable and plentiful alternatives to the 
depleting fossil fuels and offer improved security of our future energy supply. 
Biomass, a traditional renewable energy source, currently is the fourth largest world 
primary energy supply, providing approximately 14% of the world's primary energy. 
In developing countries, biomass accounts for approximately 35% or higher of the 
primary energy supply. Biomass is a versatile source of energy in that it can be readily 
transformed into convenient fuels, electricity and heat by means of a variety of 
biomass conversion technologies, such as thermochemical (combustion, gasification, 
pyrolysis) and biochemical (fermentation, anaerobic digestion) approaches. Biomass 
combustion is the simplest and the most mature technology that has been widely used 
in both the ancient and modem times. In addition to heat, biomass combustion also 
releases carbon dioxides, similar to fossil fuel combustion. 
2.1.1. Biomass as a solar energy store 
Biomass is a very broad term which IS used to describe material of recent 
biological origin that can be used either as a source of energy or for its chemical 
components(lEA Bioenergy). Biomass includes trees, crops and other plants, as well 
as agricultural and forest residues. It also includes many materials that are considered 
as wastes by our society including food and drink manufacturing effluents, sludges, 
manures, industrial organic by-products and the organic fraction of household waste. 
In many ways biomass can be considered as a form of stored solar energy. The energy 
of the sun is 'captured' through the process of photosynthesis in growing plants as 
shown in Figure 2.1 (Larkin S. et al. 2004). 
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Although bio-energy or bioma energy i u ually used to denote the energy that is 
derived fi-om biom ass, biomass and bio-energy have been used interchangeab ly by 
many people. 
PHOTOSYNTHESIS 
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Figure 2.1 Biomass as a solar energy store(Photosynthesis) 
2.1.2. Biomass as a renewable energy resource 
Biomas can be consi dered as a renewable energy re ource a lthough bUll1ing 
bi omas releases carbon dioxide (C02) to the atmo phere sim ilar to bUll1ing fossil 
fuel (Liu H. 20 II) . There i a vital difference in CO2 relea e between burning a 
fo sil fuel and burning bioma . Burning a foss il fuel releases C02 that ha been 
locked up for million of year in the gro und , affecting the natural CO2 cycle and 
re ulti ng in an increase in the CO2 concentra tion in the atmo phere. Burning biomas 
simp ly return to the atmo phere the same amount of C02 which was absorbed from 
the air via the photo ynthe i proce while the biomass plant wa growing over a 
re latively hOl1 period of time (a few year to ca. decade), and there is no net release 
of C02 to the atmo phere, i.e. , CO2-neutral, if the cycle of growth and harvest is 
susta ined. 
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Therefore, bioma ' can con ider a a renewable energy resource as shown in 
Figure 2.2 (Li u H. 20 I I) . I f the production and tran pOliation of the bioma s fuel 
involve the u e of fo il fuel, there would be ome net release of CO:,! with bioma s 
combu tion (Liu H. 2011) 
o 
CO 2 rel eased back to 
the atmo pherc 
Figure 2.2 Bio m a 
Cycle time: 
a. 1 - 10 yean 
Convel·ted into new 
plant material via 
lI a rves ted and u ed a a fu el 
a rene\ able encrg, re ource(Liu H. 20 11 ) 
In fact , real bioma energy production y tem are differing from the ideal carbon 
cycle hoy n in Figure 2.2 in two important way . Fir tly. th production of bioma 
energy alway con ume fo il en rgy for th fanning, tran portation and producti on 
tages of the proce (Hi ll e/ al. 2006). ondly, land-u e change into large- cale 
bioma plantation ma al 0 lead to the limate hange locally. The carbon balance 
of a bioma nerg production ite i largely depending on the pre-exi ting 
vegetation and oil ct . r in tance, defore tat ion typically relea e larger amount of 
the tree and il carbon dio id to the atmo phere more than the amoun t of CO:,! that 
can ab orbed by replanting (Hannon ef al. 1990). Howe er, in ome ca e , managing 
degraded faml land a p rennial agriculture bio-fu I production can increa e oi l 
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carbon as a consequence of consistent increase of plant root and waste (Schaeffer et al. 
2006). Although biomass production and use cannot be absolutely carbon-neutral, 
biomass resources still have many advantages compared with traditional fossil fuels 
and are potentially the largest renewable global energy source (Herzog et al.). 
2.1.3. Contributions of biomass to the world primary energy demand 
Before the start of the industrial revolution, biomass was the world's dominant 
energy source (Fernandes et at. 2007) and it is still important for the world primary 
energy consumption now as it contributes about 10 - 15% of the world primary energy 
demand as already shown in Figure 1.2 and Table 1.3. For long time in history, raw 
biomass always has several disadvantages as an energy source. Compared with fossil 
fuels, biomass is bulky with a low energy density which leads to problems of 
transportation and storage, and direct combustion of biomass with simple devices 
such as wood-burning stoves and cookers is generally of low efficiency and also 
produces high levels of indoor and outdoor air pollutants such as carbon monoxides, 
smoke (particulates) and nitrogen oxides. The high moisture content of biomass not 
only leads to low useful energy content, i.e. low net calorific value, but also 
combustion difficulty(Liu H. 2011). Modernized biomass energy research is based on 
two key points: increase the fuel's energy density, and decreasing its emissions during 
production and use. Although there are still problems related to resource availability, 
technologies of utilisation and economic feasibility, etc, biomass is considered as one 
of the most promising renewable energy resources capable of making greater 
contribution to the future world energy supply(European Renewable Energy 
Conference 2004). Table 2.1 shows the current levels ofbioenergy production and use 
in the UK. It is apparent that the contribution of biomass energy to the UK overall 
energy demand is considerably less than that of the world average. This mean there is 
a considerable scope of further development of biomasslbio-energy industry within 
the United Kingdom. 
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Table 2.1 Current levels of bio-energy production and use in the UK (Defra 
UK et al. 2007) 
Quantity Year Million tonnes of oil Percentage of UK total 
equivalent (Mtoe) 
Bioenergy use 
Bioethanol 
85 million litres 2005 0.04 0.2% 
(169 million litres) (2006) (0.05) (0.2%) of total transport fuel sales 
33 million litres 2005 0.03 0.1% 
Biodiesel (0.3%) of total transport (169 million litres) (2006) (0.14) fuel sales 
Bioenergy generation 
Electricity 3.1 Mtoe 2005 3.1 3.5% of UK electricity production 
Heat 0.45 Mtoe 2005 0.45 0.6% of heat generation 
2.1.4. Categories and characteristics of biomass materials 
There are various kinds of categories of biomass resources which can include a 
wide range of materials. For the economic reason, some high value materials such as 
good quality large timber may not be used for energy applications. However, there are 
still large quantity oflow value plants, co-products and agricultural waste which could 
potentially become available as relatively low cost biomass resources such as those 
listed by the Biomass Energy Centre of the UK (Biomass Energy Centre): 
• 
• 
• 
• 
Virgin wood, from forestry, arboriculture activities or from wood processing 
Energy crops: high yield crops grown specifically for energy applications 
Agricultural residues: residues from agriculture harvesting or processing 
Food waste, from food and drink manufacture, preparation and processing, 
and post-consumer waste 
• Industrial waste and co-products from manufacturing and industrial 
processes. 
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Variou tOlln of bio-energy and bio-fuel can be derived from raw bioma s 
materi al u ing the current avail able biomas energy conversion techno logies which 
are to be de cribed in the to llowing ection. Figure 2.3 how the flow chart of 
bioenergy producti on from raw bioma material 
Proximate analy i , ultimate analy i and caloritic va lue are commonly u ed to 
characteri ze a bioma s materi al a a fuel. The proximate ana lysis erve as a simple 
means for detemlining the beha io ur of a olid biomas fuel when it is heated . It 
determine the conten t of moi ture, volatile matter, ash and fixed carbon of the fuel. 
On the other hand , the main purpo e of an ultimate analysis is to detennine the 
elemental compo ition of th o lid fuel ub tance. T he ca lorific value of a fuel is a 
direct meas ure of the chemical energy tored in the fu el. Table 2.2 shows the 
prox im ate, ultimate and calotific va lu of elected biomas materi a ls in compari on 
with selected li gni tes and bituminou coal. 
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Figure 2,3 Flow chart of bio ma to bio-energy(I EA Biocnc.·gy) 
A alread di c u ed above, raw bioma materials u ually contain high level of 
moi ture. Table 2.2 hal' that bioma ampl e di play higher amo unt of volatil es 
than c al ample which could be con idered a benefici a l to combustion or 
ga ifica ti on proce e . The a h cont nl of rna tl y bioma ampl e i lower than that 
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of coal, indicating biomass can be a good quality fuel. Gross calorific values (GCV) 
(or the high heating values (HHV» of biomass materials vary greatly and can be 
comparable to the low rank coals such as lignite (Vamvuka et al. 2010). 
Comparing the chemical characteristics of biomass materials and several 
traditional fossil fuels, the ultimate analysis shows that the percentage of hydrogen is 
comparable for all samples, while biomass materials contain lower carbon. Also, the 
elemental oxygen content of biomass materials is much higher than that of coals. The 
sulphur content of biomass samples is also usually lower than coals, implying that 
SOx emissions from biomass combustion can be of less concern. On the other hand, 
nitrogen values of some biomass materials can be above 1% (especially for waste 
wood) and this could present a problem for combustion processes - producing high 
level of NOx emissions. 
Table 2.2 Proximate, ultimate analyses and calorific values of the fuels (Wt% , 
dry)(Vamvuka et al. 2010) 
Volatile Fixed GCV* Sample 
matter carbon Ash C H N 0 s (MJ/kg) 
Ptolemais 47.7 39.3 13 55 5.3 1.9 24.1 0.65 20.8 lignite 
Olive kernel 72.6 24.8 2.6 51.2 6 0.8 39.3 0.09 20.4 
Cotton residue 72.8 20.6 6.6 47 6 1.8 38.4 0.19 18.3 
Vine shoots 74.5 21.7 3.8 47.6 5.6 1.8 4l.1 0.08 16.8 
Forest residue 79.8 20 0.2 53.2 6.2 0.3 40 0.09 21.7 
German lignite 50.7 44.7 4.6 61.2 5.1 0.9 27.9 0.3 23.9 
Waste wood 73.8 22.9 3.3 45.7 6 4.5 40.3 0.13 17.6 
Paper sludge 47.7 1.3 51 23 2.8 1.7 21.3 0.1 7.1 
* Gross calorific Value 
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2.2. Biomass Energy Conversion Technologies 
Biomass materials can be converted to various useful fonns of energy such as heat, 
electricity and liquid fuels. The technologies used to convert biomass into energy 
ranged widely from the simple combustion of biomass used for cooking and heating 
in developing countries to a variety of technologies to generate modern energy 
carriers - electricity, gas, and liquid bio-fuels. Table 2.1 has already showed that the 
UK are using various materials including waste and residuals to generate electricity, 
heat and ,bio-liquid fuels (bio-ethanol and biodiesel) (Defra UK et al. 2007). Morden 
biomass energy can be used at the household (-10 kW), community (-100 kW), or 
industrial (- MW) scale. The different technologies used to convert biomass materials 
into various fonns of bio-energy tend to be classed in tenns of either the conversion 
process they use or the end product produced. Liu has discussed three categories of 
biomass conversion processes(Liu H. 2011). 
• Thenno-chemical processes which include direction combustion, 
gasification and pyrolysis; 
• Biological processes which include fennentation and anaerobic digestion; 
• Chemical/Mechanical processes which are involved in the production 
biodiesel. 
The main purpose of modern biomass pyrolysis, so-called 'fast pyrolysis', is to 
produce bio-oil which can be used for a range of purposes including as liquid fuels 
and chemical ingredients, whereas biomass fennentation is to produce bio-ethanol 
which can be used for a transportation fuel similar to biodiesel.(Liu H. 2011) 
Anaerobic digestion of wet biomass such as organic waste can generate biogas which 
is rich in methane and can be used for various purposes such as cooking and power 
generation(Liu H. 2011). As the principal categories of biomass conversion 
technologies that are currently used for combined heat and power generation are 
direct combustion and gasification, these two biomass energy conversion technologies 
will be further discussed below. 
27 
2.2 . 1. Direct combu tion of bioma 
Direct combustion is the mo t common way of converting bioma s to energy -
both heat and el ctricily - and world\\ ide it already provide over 90% of the energy 
generated from bioma . Direct combu tion of olid bioma fuel i well understood, 
relatively traightfo rward , commerciall a ailable, and can be regarded as a proven 
technol ogy. Biomas ' eombu tion tem can be easily integrated with existing 
infra tructur . Direct eombu tion of bioma for heat generation i widely u ed in 
cold climate region where thcre are ignificant annual dcmands for space heating and 
hot water. Dome tic bioma -fir d heating appliance in the developed counties such 
a the and K have been improved with automation and tandardi zed fuel 
suppJie (e.g. wood pellet '). ompared with traditiona lly open firep laces, these 
advanced dome tic bioma applian e not on ly achieve effici nCle of over 70% but 
also with greatly r duced atmo ph ric mi ion (Liu H. 20 II) 
olalil bum in ga pha e 
I-hO to form CO:!. 0, H:!O elc . 
\ 1 
__ ~ ~ ~ ASH 
De olatization (Pyrolysis): Char combustion 
Drying olalile olved, char remain 
Figure 2.4 Th,'ec tep ofbioma s combu tion(Liu H. 2011) 
The combu tion of a olid bioma mat rial con i t of thr e main tep as shown 
in F i gu re 2.4 (L i u H. 20 I I ) 
• The Itt P i dr mg, I.e. the evaporation of any water contained in the 
bioma t P do not produce energy but con ume energy. 
• Th 2nd t pIth olatile rc1ea (d lati ation) and combu tion tep-
the olatil ar rica ed a a mi ture of vapour (CO, CO:!, H:!, H20, C Hy 
2 
etc.) as the temperature of biomass materials nses; the combustion of 
volatile matter produces the flame seen around the burning solid fuel; 
• The 3rd step is the char combustion step - the solid which remains after 
devolatisation consists of char (mainly carbon) and inert matter. The char 
bums to produce CO2 whereas the inert matter becomes ash. 
Direction combustion of biomass is widely practiced at all scales from domestic 
heaters to power plant boilers with specific combustion technologies including fixed -
beds (e.g. stoker boilers), fluidized beds, and entrain-beds as well co-firing(Van Loo 
et at. 2008). 
2.2.2. Biomass gasification 
Thermo-chemical gasification IS the conversion by partial oxidation at high 
temperature of a carbonaceous feedstock such as biomass into a gaseous energy 
carrier(Liu H. et al. 2010). The gas resulted from biomass gasification consists of CO, 
CO2, H2, CH4, higher hydrocarbons such as ethane and ethene, water, nitrogen (if air 
is used as the oxidizing agent) and other contaminants such as small char particles, 
ash, tars and oils. Gasification can be carried out by using air, oxygen, steam or a 
mixture of them. 
Air is a cheap and widely used gasification agent but air gasification of biomass 
produces a low calorific value gas (ca. 3 - 6 MJlNm3) which is suitable for boiler, 
engine and turbine operation but not for pipeline transportation due to its low energy 
density(Liu H. et al. 2010). Oxygen gasification of biomass produces a medium 
calorific value gas (ca. 10 - 15 MJ/m3) suitable for limited pipeline distribution and as 
synthesis gas for conversion, for example, to methanol and gasoline. Such a medium 
calorific value gas can also be produced by steam gasification. 
There are many different designs of gasifiers including downdraft and updraft 
gasifiers, fluidized bed gasifiers and entrained flow gasifiers etc.(Knoef et al. 2005), 
but with the same set of main gasification reactions: those of hot steam and oxygen 
interacting with the biomass(Larkin S. et at. 2004). Similar to the combustion steps 
shown in Figure 2.4, the gasification process begins with the drying of the biomass to 
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evaporate moisture, followed by the release of the volatiles from the heated biomass, 
leaving the char. Volatiles and char in turn undergo partial oxidation reactions with 
steam and oxygen, resulting in the combustible gas. 
Although biomass gasification has been practiced for over 100 years, so far it has 
had a very limited commercial impact on energy market due to competition from 
other energy resources. However small gasification plants «300 kW) are now 
available commercially, often combined with gas engines driving small generators, 
and demonstration plants in the range 10-30 MW have been in operation since the 
mid-1990s(Larkin S. et al. 2004). 
According to Renewable Energy Projects Handbook 2004 of World Energy 
Council(World Energy Council 2004), the modem biomass conversion technologies 
can be separated into three basic categories: 
• Direct combustion processes 
• Thenno chemical processes: Gasification 
• Biochemical processes: Bio-fuel 
Table 2.3 Summary of Biomass CHP Conversion Technologies 
Biomass Conversion Common Fuel Types Feed Moisture Capacity Range 
Technology Size Content 
Stoker grate, Sawdust. bark. chips , hog 0.25-2 in. 10-50% 4 to 300 MW (many in 
underlire stoker fuel, shaVings, end cuts, the 20 to 50 MW range) 
boilers sander dust 
Fluidized bed boiler Wood residue, peat, wide < 2 in. < 60% Up to 300 MW (many in 
variety of fuels the 20 to 25 MW ranQe) 
Cofiring-pulverized Sawdust. bark. shavings. < 0.25 in. < 25% Up to 1000 MW 
coal boilers sander dust 
Cofiring-stoker Sawdust. bark. shavings, < 2 in. 10-50% Upto 300 MW 
fluidized bed boilers hog fuel 
Fixed bed gasifier Chipped wood or hog fuel, 0.25-4 in. <20% Up to 50 MW 
rice hulls, shells, sewage 
sludge 
Fluidized bed gaSifier Most wood and agriculture 0.25-2 in. 15-30% Upto 25 MW 
residues 
. Ba ' ~ d d on Wri2hl. '::006. ollr e. 
The principal categories of biomass conversion technologies for power and heat 
production are direct-fired and gasification systems. Within the gasification category, 
specific technologies include fixed bed gasifiers and fluidized bed gasifiers. Direct 
combustion remains the most common technique for deriving energy from biomass 
30 
resources for both electricity production and heat. Currently around 4.6% of UK's 
electricity comes from renewable energy resources in which Biomass has contributed 
around half of that supply(Defra UK et al. 2007). There are diversiform technologies 
in the world today for electricity generation from biomass. The typical capacity of 
existing biomass power plants ranges from 1 - 50 MW in size. Most of today's 
biomass power plants are direct-fired systems with steam-Rankine cycle. The biomass 
fuel is burned in a direct combustion boiler to produce high-pressure steam that is 
used to power a steam turbine-driven power generator. In many applications, steam is 
extracted from the turbine at medium pressures and temperatures and is used for 
process heat, space heating, or space cooling. Although technologies and processes to 
increase these efficiencies are being developed, due to the small size, energy 
conversion efficiencies are relatively low at about 15 - 25 percent. However, Steam 
cycle plants are often located at industrial sites, where the waste heat from the steam 
turbine is always recovered and used for meeting industrial process heat needs. Such 
combined heating and power (CHP), or cogeneration systems with direct biomass 
combustion provide higher levels of energy services per unit than systems that only 
generate power. The overall efficiencies of this biomass CHP system can be greater 
than 80%, which remains the most common technique for deriving energy from 
biomass. Furthermore, advanced combustion technologies, such as the application of 
fluidised bed combustion and advanced gas cleaning make great effort to the efficient 
production of electricity and heat in biomass combined heat and power installations. 
Within the range of about 50-80 MWe, electrical efficiencies could possibly around 
30-40% today. An alternative to the above-described direct combustion biomass 
technologies is biomass co-combustion with fossil fuels in existing boilers, which is 
considered as low-cost option for the nearest term. Successful demonstrations using 
biomass as a supplementary energy source in large high efficiency boilers have been 
carried out in many countries. Experiments showing that carefully control the range of 
biomass fuels at around 10-15 percent of the total energy input can minimal plant 
modifications and no impact on the plant efficiency and operation. Hybrid systems 
combining biomass with fossil fuel is proved feasible and environment friendly. 
Besides, it's also economical for the biomass fuels are lower cost than the fossil fuels. 
Alternatively, biomass can be digested or fermented to produce biogas or bio-
liquids. The resulting biogas or bio-liquids can be combusted for heat and electricity. 
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Another extensive use of bio-fuel in developed countries is producing petroleum-
based fuels from biomass, which can be used as replacement of gasoline or kerosene 
(Herzog et al.). 
2.3. Combined Heat and Power (CHP) 
2.3.1. Background 
Combined heat and power (CHP), which is also called cogeneration is the use of a 
heat engine or a power station to sequentially or simultaneously generate both 
electricity and useful heat. CHP is a well developed concept which can date back to 
the 1880s, when steam was a primary source of energy in industry and electricity was 
beginning to be used. On-site industrial power plants with cogeneration of power and 
heat were the main power systems in the early 19th. Then the development of large 
central power plants with higher efficiency and reliable utility grids, together with the 
low fuel costs and advances in technology, drove the electricity prices down and 
contributed to the decline of cogeneration. However, over the past decades, the 
increases in the world fossil energy price, the uncertainty with the fuel supplies, the 
deteriorating environment and the predicted global climate change have become 
serious problems to the entire human being and this results in CHP gaining attention 
again because of its potentials for fuel savings and low GHG emissions. Today, CHP 
represents a series of proven, reliable and cost-effective technologies that are already 
making an important contribution to meeting global heat and electricity demands. Due 
to the enhanced energy supply efficiency and utilisation of waste heat and low-carbon 
renewable energy resources, CHP, particularly together with district heating and 
cooling (DHC), is an important part of national and regional GHG emissions 
reductions strategies(Oliver 2006). The UK government has identified CHP as one of 
the key components of its CO2 abatement program which represents the most 
significant individual measure in achieving the European Union's C02 reduction 
targets (l50Mt of a total of 800Mt)(European Commission 1997). The EU directive 
"on the promotion of cogeneration based on a useful heat demand in the internal 
energy market" states that(EU Cogeneration Directive 2004) : 
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• the potential for use of cogeneration as a measure to save energy IS 
underused in the Community at present; 
• promotion of high-efficiency cogeneration based on a useful heat demand is 
a Community priority given the potential benefits of cogeneration with 
regard to saving primary energy, avoiding network losses and reducing 
emissions, in particular of greenhouse gases; 
• in addition, efficient use of energy by cogeneration can also contribute 
positively to the security of energy supply and to the competitive situation of 
the European Union and its Member States; 
• it is therefore necessary to take measures to ensure that the potential is better 
exploited within the framework of the internal energy market'. 
The overall efficiency of electricity generation has been improved over time, but 
the transition from primary energy such as fossil, biomass or nuclear fuels to 
electricity is still an inefficient process. According to the Second Law of 
Thermodynamics, thennal power systems inevitably reject heat into the environment 
and the thermal efficiency of a heat engine cannot be 100%. In fact, the maximum 
thennal efficiency of any heat engine cycle is the efficiency of a reversible Carnot 
heat engine(Cengel et al. 2006): 
'ICarnot = 1 - TdTH (2.1) 
Where THis the maximum temperature available (e.g. the metallurgical limit) and 
T L is the lowest temperature available (e.g. cooling water temperature for the 
condenser of a steam-Rankine cycle-based power plant). Further, the power 
generation efficiency of most engines and power plants are much lower than the 
potential maximum efficiency. For instance, the power generation efficiency of gas 
turbines varies from 20% to about 40%, which indicates 60% to 80% of the heat 
supplied into gas turbines via burning of fuels is wasted. While some modem power 
plants can achieve nearly 60% power generation efficiency, most operate closer to 30% 
and smaller or older units may reach only 20% (International Energy Agency "Energy 
Balances ofOECD Countries" 2010). Putting these percentages in another way, about 
40% to 80% of all the primary energy input is always wasted with any power 
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generation unit . Figure 2 .5 how that about 63 % of the thenna l input is wa ted in 
the g lobal electricity generation y tern (intemational Energy Agency 2007). T he 
wa ted energy from power plant em rge a heat and is dumped in di ffe ren t ways. 
Sometimes it end lip in cooling water, but mo t often it i d i sipated into the 
atmo phere. Thi wa te heat can be can idered not on ly a la rge acco unt of energy lost 
bu t a l a a fonn of pollution. 
Figure 2.5 Energy fl ow in the global electricity sys tem (TWh)(lnternational 
Energy Agency " ombincd Heat and Powero- Evaluating the Benefits of Greater 
G lobal Inves tment" 2008) 
With the HP t hno logy, mo t of thi considerabl e amo unt of low-grade waste 
heat fioom an electricity gen ration proee will not be wa ted. Altho ugh th e wa te 
heat energy cannot be u ed to generate e lectrici ty, it can be u cd to produce hot water 
or for pace heating or cooling. In thi " a , the wa te heat fro m power generati on 
repl ace a high-grade n rg re our e uch as ga , oil or even electri c ity that is used 
to genera te thelma l nergy needed fo r hot water, pace heatin g or coo ling. Therefo re, 
cogenerat i n repr ent a igni fi a nt improvement in overa ll energy effi c iency 
compared with c n cntional power gen rati n pl ant . C HP y te rn can operate with 
a n energy efficiency of up to 90% , leadi ng to a major saving in fuel co t and a 
s ignificant redu tion in gr nhou ega mi ion and other en ironmental po llutant . 
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CHP systems also reduce the network and transport losses because they are mostly 
sited near the end users. 
The efficiencies of CHP systems may vary to some extent, mainly depending on 
the design of the systems, technologies and fuel sources. Figure 2.6 compares the 
overall efficiencies of an example CHP system and a conventional ·'separate heat and 
power" generation scheme. It illustrates the potential efficiency gains of a typical 
CHP system: 
• to produce 130 units of useful energy, the conventional generation with 
separate heat and power systems use 215 units of energy which consists of 
115 units of energy for electricity production with a highly efficient gas 
power plant (48% efficiency) and 100 units of energy to produce heat by 
an efficient gas boiler (80% efficiency), resulting in an overall efficiency 
of 60% and 85 units of energy loss. 
• however, the CHP system needs only 170 units of energy to produce the 
same 130 units of useful energy from a single fuel source, resulting in a 
total system efficiency of 76.5% and an energy loss of 40 units which is 
less than half of the energy loss of the conventional separate power and 
heat generation. 
While the benefits of CHP are widely recognised, the implementation of CHP 
remains low. Despite of the existence of various energy policies such as EU 
Cogeneration Directive 2004/8/EC (EU Cogeneration Directive 2004) which promote 
CHP in Europe, the United States, Japan and other countries, the share of CHP in 
global power generation has remained stagnant for the past several years at around 9% 
(International Energy Agency "Combined Heat and Power- Evaluating the Benefits of 
Greater Global Investment" 2008). The electricity generated by CHP schemes in the 
UK in 2009 was 27,777 GWh and this represents 7.47% of the total electricity 
generated (371,978 GWh) in the UK in 2009(Department of Energy & Climate 
Change "Digest of UK Energy Statistics 2010" 2010). 
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Figure 2.6 Efficienc. gain of CHP vs. Conventional Generation 
(International Energ. Agency "Combined Heat and Power- Evaluating the 
Benefit of Greater Global Investment" 2008) 
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Denmark 
However, Denmark has successfully expanded the use of CHP to over 50% of its 
total power generation over the past two decades, as shown in Figure 2.7. It clearly 
shows that Denmark has experienced the parallel decline in GHG emissions and the 
increased use of CHP over the years. Other countries, such as the Netherlands, 
Finland, Russia and Latvia that have successfully expanded the use of CHP to about 
30-50% of their total power generations have experienced similar linking between the 
reductions of their GHG emissions and their growths in applications of CHP, 
particularly industrial CHP. The experiences of these above countries demonstrate 
that not only a much higher level of the share of CHP in the global power generation 
can be achieved but also a significant part of the global GHG emissions resulted from 
power generation can be reduced by the wider application of CHP. Other countries 
including the UK should follow the examples of Denmark and the Netherlands etc. to 
expand the use of CHP in their power generations, reducing their energy consumption, 
reducing their GHG emissions and making greater contributions to alleviate the 
problem of the global climate change. 
2.3.2. CUP Technologies 
CHP system can be classified by its power output as large-scale, medium-scale or 
industrial-scale, small-scale and micro-scale systems. There is a wide range of CHP 
systems in operating all over the world, from 1 kWe to 50 MWe. The large-scale CHP 
systems are usually the centralized cogeneration power plants with a capacity well 
above 1 MWe. In the past there was uncertainty concerning the range of the capacity 
for micro-scale CHP (or simply called micro-CHP) systems in the EU/UK but the EU 
Cogeneration Directive 2004/8/EC(EU Cogeneration Directive 2004) clarified that a 
micro-CHP unit shall mean a CHP unit with a maximum capacity below 50 kWe, and 
a small-scale CHP shall mean a CHP unit with an installed capacity below 1 MWe. 
There is a growing interest for the use of micro-CHP systems in the residential 
sector because of their ability to produce both useful thermal energy and electricity 
from a single or multiple sources of fuels for single houses or small commercial 
buildings. Because the electricity generation efficiency of micro-CHP systems cannot 
compare with that of the highly efficient centralized electricity generation systems, a 
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micro-CH P sy tem i often de igncd to mainly meet the thennal demand of a building 
with electricity a a by-product. Wh n the electricity demand of the building is higher 
than the outpu t of it micro-CHP t m, the grid can be u ed a the back-up power to 
the CHP y tcm which mean the hart upply of electricity i bought from the grid. 
On the other hand, if the electrical output from it micro-CH P y tem i more than the 
electricity demand of the building. the urplu of the electticity can be old back to the 
grid a hown in Figurc 2 . . ( arathon ecopower micro-CHP 2007). 
8 I of MIcro CHP: 
< 
u 
Figur 2.8 n exa mple of micro-CH P . tem(Marathon ecopower micro-
HP 2007) 
Theoretically, almo tan fu Ii uitable for micro- HP, and they can work with a 
ingle r multipl ourc of fuel . Ithough fo il fuel s are cUITently widely u ed, 
other fu ' landfill ga , municipal olid wa te and biomas 
can al b en u d. ith th depl tion of fo il fuel and growing concems for the 
environment and encrg energ re ource uch as biomass will 
become m r important ur e of fu I for H P Y tem in the future. 
A typical CHP system consists of four basic elements: a prime mover (an engine 
or a drive system), an electricity generator, a heat recovery system, and a management 
and control system. Although each of these four elements can have significant impact 
on the performance of a CHP system, the prime mover is the most critical element of 
a CHP system. 
There are a number of different technologies to convert fuels into useful forms of 
energy (mostly electricity and heat) that have been developed and researched for CHP 
applications. Although quite a few new technologies appear to be promising, the 
conversion process based on combustion and subsequent conversion of heat into 
mechanical energy, which then drives a generator for electricity production, is still the 
dominant technical route. Reciprocating internal combustion engines, steam turbines 
and combustion turbines which are based on this technical route are the most widely 
used prime movers (The European Association for the Promotion of Cogeneration 
2001). New developments with prime movers include those of fuel cells, Stirling 
engines and micro-turbines. These CHP technologies has been considered as suitable 
to operate with renewable energy resources with an acceptable capital cost in the 
future (Maribu 2004). The current CHP research and development is primarily 
focused on improving performance, reliability, modular and smaller units, and lower 
GHG emissions (for example, through the use of biomass) (international Energy 
Agency 2007). 
Although there are several ways to classify CHP system, such as based on the fuel 
used or the capacity range, they are generally classified by the type of the prime 
mover equipment which in some extent determine possibilities and availability of 
other related technologies. The technologies of the following prime movers will be 
discussed in this chapter, with specific respect to their ability to run as CHP: steam 
turbines, reciprocating engines, gas turbines, micro-turbines and fuel cells. A synopsis 
of the major parameters and performance of these prime movers is shown in Table 2.4. 
As the topic of the present PhD research is the development of a biomass-fired micro-
scale CHP, the discussions below will also focus on the technologies related to micro-
CHPs that are below 50 kWe, where possible. 
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Table 2.4 Comparison of Prime Mover Technologies 
Capacity Electrical Overall Technology Fuel efficiency efficiency MW (%) (%) 
Steam turbine Any combustible 0.5-500 17-35 60-80 
Reciprocating engines Gaseous & liquid 0.003-10 25-45 65-92 
Gas turbine Gaseous 0.25-50+ 25-42 65-87 
Micro-turbines Gaseous & liquid 0.03-0.25 15-30 60-85 
Stirling engines Any combustible 0.003-1.5 30-40 65-85 
Fuel cells Gaseous 0.003-3+ 37-50 85-90 
A: Steam turbines 
Steam turbines are the most common power generation technology used in 
commercial electric power plants and industries. Usually, a fuel is combusted within a 
boiler, releasing heat which is used to generate high-pressure steam. The high 
pressure steam is transferred to the steam turbine, driving the turbine that is coupled 
with a generator to produce electric power. Because of steam turbine units have 
separate heat source and do not directly convert fuel to electric energy, they can 
operate with large variety of fuels with suitable combustion devices, from natural gas 
to solid waste, including all types of coal, wood, wood waste, and agricultural 
byproducts. The thermodynamic cycle of steam turbines are based upon the well 
known Rankine cycle. As illustrated in Figure 2.9, the working liquid (water) 
evaporates in the boiler when heated and then expands in the turbine to produce shaft 
work (Oliver 2006). The mechanical energy of the shaft work is turned into electricity 
with a generator. The exhaust vapor from the steam turbine passes through a 
condenser for condensation or a heat exchanger for heat extraction and then pumped 
back the boiler to complete the cycle. 
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Figure 2.9 Simple Steam Turbine Power Cycle(Oliver 2006) 
Depending on the exit pressures of the steam turbines, steam turbines fall into two 
types: backpressure turbines and condensing turbines.(Nishio et al. 1980) A 
backpressure turbine operates with an exit pressure equal or higher than atmospheric 
pressure, whereas a condensing turbine operates with an exit pressure lower than 
atmospheric pressure. Condensing turbines have the advantages of high power 
generation efficiency and being able to change electrical and thermal power 
independently when in cogeneration mode of operation. (Nishio et al. 1980) 
power generation using steam turbines is one of the oldest power generation 
technologies and still in commercial production. As a matter of fact, conventional 
steam turbine power plants currently generate most ofthe electricity around the world. 
The capacity of steam turbines ranges from a few hundred kW for small units to 
several hundred MW for large power plants. As steam turbines are more suitable for 
large-scale power generation, they are widely used for large-scale and industrial-scale 
CHP applications. Small-scale steam turbines have relatively low electrical 
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conver i n efficienc , det riorating rapidly with mailer capacity and therefore they 
are generally con ider d not uitable for micro- HP applications. (Dong e/ al. 2009) 
B: Reciprocating internal combu tion engines 
Reciprocating engin , al 0 called int mal combustion engines or endothennic 
engines are well known from car . Reciprocating engine can operate on a wide range 
of liquid and ga eou fuel but n t olid fuel. The reciprocating shaft power can 
produce either el tricity through a generator or drive loads directly. The 
reciprocating engine HP ar c n entional intemal combu tion engines coupled with 
generator and heat xchanger to reco er the heat of the exhaust gas and the cooling 
cycle. A a well-kn wn and wide pread technology, reciprocating engines are 
available for power generation application in sizes ranging from a few kW to more 
than 10 MW and can be fired on a broad vari ty of fuels (Orlando 1996). In addition, 
reciprocating engin ha e high power generation efficiencies even in small SIze , 
making them uitabl for mall- cale HP application .(Oliver 2006) 
E 
H at oUl 
POI' rout 
Fjgure 2.10 10 d-Loop Heat Recovery System for a Reciprocating Ie 
Engine HP(Oli er 2006) 
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Reciprocating IC engmes are widely used m small power generating plants 
because they allow compact modular systems to suit various application needs. 
Besides, reciprocating engines are also well-proven technology that eases 
maintenance. Driven by economic and environmental pressures, reciprocating engine 
technology has improved dramatically with the development of engine research 
worldwide and heat recovery technology over the past decades. A typically 
reciprocating engine CHP is illustrated in Figure 2.10. Heat can be recovered not only 
from the exhaust, but also from the jacket water and the engine oil, which leads to 
notable increase of fuel efficiency and reduction of emissions (Environmental 
Analysis et at. 2007). 
There are two basic types of reciprocating engines currently in use: Spark ignition 
engines and Compression engines (Simader et al. 2006). Spark ignition engines are 
operated mainly with natural gas as the preferred fuel, although biogas, gasoline, and 
landfill gas can also be used. The capacity of spark ignition engines ranges between 3 
kWe and 6 MWe. Compression ignition engines, often called diesel engines, operate 
on petroleum diesel and biodiesel as well as other petroleum products such as heavy 
fuel oil [(Energy Nexus Group 2002). 
Table 2.5 Characteristics of reciprocating engine CHP(Oliver 2006) 
Thermo FueluHd Efficiencies Power size 
dynamical total electrical range 
cycle 
Diesel Diesel cycle Gas, biogas, 65-90 35 - 45 5 kWei to 20 
engine ELFO·), LFO •• ), MW. 
HFO ... ·), rape oil, 
RME •••• ) 
Spark Otto cycle Gas, biogas, 70 - 92 25-43 3 kW. to> 6 
ignition naphtha MW. 
e"9.ine 
Average cost investment in ElkWej 340 - 2000 
(Fuel oil engine) 
Average cost investment in ElkWej 
(spark ignition gas engine) 
450-2500 
Operation and maintenance costs in € I k W ~ ~ 0,0075 - 0,015 
*) 8!tra LlQt1t Fuel Oil .•• ) lJght Fuel 011, .tt) Heavy FUel Otl ..... ) rapeseed methyl ester 
Compression ignition engines can also be set up to run in a dual-fuel configuration 
that bums primarily natural gas or biogas with a small amount of diesel pilot fuel 
(Environmental Analysis et al. 2007). Compression ignition engine CHP presents a 
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higher power to heat ratio compared to spark ignition engine CHP, and has a large 
range of capacity from very small size of a few kWe for small systems to a power 
equivalent of some tens of MWe for large systems. Error! Reference source not 
found. summarises the characteristics both of diesel and spark ignition engine CHPs 
(Simader et at. 2006). 
Although reciprocating engines have been proved to be suitable for numerous 
cogeneration applications in residential, commercial, institutional and small-scale 
industrial loads, they still have obvious drawbacks including relatively high vibration 
noises, a large number of moving parts and high cost for frequent maintenance. 
Moreover, compared to other CHP technologies, the relatively high emissions of 
reciprocating engines, particularly in nitrogen oxides and particulate matter, need to 
be reduced. 
c: Gas (combustion) turbines and micro turbines 
Combustion turbines, or gas turbines, have been used for power generation for 
decades and are now the frequently used prime movers in larger-scale cogenerations 
due to their high reliability and large range of power capacity. Comparing with the 
other two most widely used prime mover technologies (steam turbines and 
reciprocating engines), combustion turbines are easier to install with lower capital 
costs than steam turbines, and have lower costs in maintenance and lower emissions 
than reciprocating engines. (Simader et al. 2006) 
A gas turbine is an internal combustion engine but operates with rotational motion 
rather than reciprocating motion. Observably, a gas turbine is only fuelled by a 
gaseous fuel such as natural gas or biogas. Gas turbines range in size from 30 kWe 
(micro turbines) to 250 MWe (large-scale power plant units) and can be used in a 
variety of power cycle configurations. CHP operation of a gas turbine is built up with 
a simple-cycle gas turbine and a heat recovery. Heat from the turbine exhaust is 
recovered and converted into useful thermal energy, mostly in the form of steam or 
hot water. However, because of the high temperature of combustion turbine exhaust 
gases - typically around 540°C, the exhaust gases can be used to support the 
combustion of additional fuel and this technology is called supplementary firing 
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(Oliver 2006)ln some cases, high-pressure steam is generated from the recovered heat 
of the turbine exhaust and used to generate additional power with a steam turbine, and 
this can be called a combined cycle CHP system (Oliver 2006) 
Micro turbines are the extension of combustion turbine technology, making the 
gas turbines smaller and more efficient units. The capacity of currently available 
micro turbines can be as low as 30 kWe. Micro turbines are primarily fuelled with 
natural gas, but now they are able to operate with wider variety of fuels, including 
diesel, gasoline and even biogas(Department of Trade and Industry 2006). Micro 
turbine devices have now achieved almost the same electrical efficiency as internal 
combustion engines. Additionally, they have environmental advantages, such as at 
lower emission levels of NOx and CO and less noise over an engine of comparable 
size. 
The basic components of a micro turbine CHP are shown in Figure 2.11. The key 
part of a micro turbine CHP system is the compressor-turbine package, with single-
shaft turbines commonly used on electric generators. The shaft of a micro turbine can 
work in high rotational speed up to 120,000 rpm. In a typical micro turbine CHP 
system, the inlet air is compressed and preheated in the recuperator with turbine 
exhaust heat. Then, the heated air mixed with fuel is sent into the combustor and 
ignited there. The hot combustion gas is then expanded in one or more turbine 
sections, producing rotating mechanical power to drive the compressor and the 
electric generator (Oliver 2006). 
As a recently developed technology, micro turbines have started initial 
commercial service only from 1999. Hence at this stage there are few track records of 
this technology and they are offered by only a small number of suppliers. Besides, 
micro turbines are more expensive than internal combustion engines of equivalent 
sizes in capital costs. However, because it contains few moving parts, the operation 
and maintenance costs of a micro-turbine can be lower than that of an internal 
combustion engine. A micro turbine can be used in power-only generation or in a 
CHP system. With distributed generation applications it can be used by power 
producers and consumers, including industrial, institutional, commercial and even 
residential users in the future. Micro turbines' high outlet temperature (> 500 DC) is 
suitable for other high value applications, such as producing low-pressure steam or 
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hot water for on-site requirements; furthennore for cooling applications including 
absorption systems (Simader et al. 2006). 
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S o u r c ~ : : Ent'fgy and Environmental Analysis. Inc., 2003. 
Figure 2.11 A Typical Micro Turbine CUP System (Single-Shaft 
Design)(Oliver 2006) 
D. Stirling engines 
Compared to an conventional internal combustion engine, a Stirling engine is an 
external combustion device, which can produce either electricity through a generator 
or drive loads directly (Oliver 2006). As an external combustion engine, a Stirling 
engine generates heat externally in a separate combustion chamber. Due to this 
characteristic, Stirling engines can operate on almost any fuel. With external 
combustion that facilitates the control of the combustion process, Stirling engines 
have obvious advantages such as low noise and low air emission levels. Presently the 
electrical efficiency of Stirling engines can be as high as 40%, which is much higher 
than other prime movers' technologies, with 50% a possibility in the future, whereas 
the overall CHP efficiency of a Stirling engine cogeneration system is within in the 
range of 65-85% (Energy Nexus Group 2002). A Stirling cycle has the potential of 
achieving higher efficiency than Rankine cycle or Joule cycle as it more closely 
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approachc thc e u Group 2002). Besides, tirling engines 
also have good capability to operate under part-load condit ions. It i expected that 
while thc full load electrical efti iell can be 35- 50%, the electrical eftlcieney at 50% 
load can be e peetcd to be in th 3-t- 9% range (O novwiona el al. 2006). 
economiser an"'::...-_ 
air pre-heater 
secondary 
combustion chambe 
primary combust ion 
chamber 
,/ 
Figu,'c 2.12 bioma ·fired HP plant ba cd on a Stirling engine, 75kWe 
and 475k\ th (B IO BIOE ERGl E Y TEME GmbH) 
aIr inpu 
economlser 
flue gas 
generator 
bIomass ers 
) 
Figure 2,13 ch matic of a micro· calc biomass Stirling engine CH P (BIOS 
BIOE R IE Y T ME GmbH) 
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Although there are some demonstrations of Stirling engine systems, they are still 
under development and not commercially available today, and for this reason almost 
no statistical data on reliability, availability or prices of Stirling engine systems are 
available. Nevertheless, because of their good performance at partial load and 
capability to operate with different fuels, Stirling engines are particularly well-suited 
to biomass-fuelled small-scale and micro-scale CHP applications. Figure 2.12 shows 
the pictures of a micro-scale biomass-fired CHP plant with a 35kWe Stirling engine, 
whereas Figure 2.13 (BIOS BIOENERGIESYSTEME GmbH)shows the schematic of 
a micro-scale biomass Stirling engine CHP system(Biedermann et al. 2004). 
E: Fuel cells 
Fuel cells are an entirely different technique to generate electricity than traditional 
prime mover technologies, and are still in the research and develop phase presently. 
Fuel cells take in hydrogen (or hydrogen-rich fuels) and oxygen to create electricity, 
heat, and water. Figure 2.14 shows the key system components of a fuel cell. 
Basically, a fuel cell consists of a stack oflayers arranged around a central electrolyte: 
an anode at which the hydrogen is oxidized; a cathode at which the oxygen is reduced; 
and bipolar plates, which feed the gases, collect the electrons, and conduct the 
reaction heat. Fuel cells can be sized for a wide variety of applications - from laptop 
computers (50 to 100 We) to vehicles (50 to 85 kWe) and to central power generation 
(0.2 to 2 MWe) (Energy Nexus Group 2002). Hydrogen-fuelled fuel cells do not 
produce C02 - the main greenhouse gas in the atmosphere. Because there is no 
combustion and have no moving parts, fuel cells are quiet and can achieve electric 
efficiencies up to two times greater than internal combustion engines (Oliver 2006). 
The transportation sector is now the major market for the application of fuel cells. 
Four main types of fuel cells listed below appear to have the most attractive prospects: 
phosphoric acid fuel cell (P AFC), proton exchange membrane fuel cell (PEMFC), 
molten carbonate fuel cell (MCFC), and solid oxide fuel cell (SOFC). However, 
power generation seems to be another promising market in which fuel cells could be 
quickly commercialized. Typical performance and CHP characteristics of fuel cells 
based on natural gas fuel are shown in Figure 2.14 (Environmental Analysis et al. 
2007). 
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PEMF ba ed re idential HP y tern have reached demonstration tage, with a 
variety of FC developer reporting on their latest products, including Ebara Ballard's 
1 kWe stationary HP y tern, Plug Power s Gen ys 5 system (5 kWe, 9 kWth) and 
Hpower's 4.5 kW R [ ( O n ~ ~ iona et at. 2006). In addition, solid oxide fuel cells 
(SOFC) are uitable for re idential CHP applications becau e they run efficiently at 
high temperature , and ha e a favorable thennal/electric ratio. A 3.5 kWe SOFC CHP 
system for re idential and commercial applications with an electrical efficiency of 
approximately 50% and verall CHP efficiency of approximately 80% has been 
developed by Hydr volt, and a 2 kWe SOFC CHP sy tern suitable for single family 
house application with an 0 erall efficiency of about 85% and a 10 kW SOFC 
system with an 0 erall efficiency of about 85% have been developed by Global 
Thennoelectric, Inc. (Onovwiona et at. 2006). 
Anode 
Electrolyte Invelter 
[ Oxygen/Air Cathode 
Water & Heat 
Figure 2.14 Ba ic construction of a fuel cell CHP system 
AC 
electricity 
Since fuel cell ar till under r arch, development and demon tration, there are 
several di ad antag for their comm rcialization. Fuel cells are currently more 
expensive than int mal combu tion engine and al 0 cost more on maintenance. 
There ar only a handful f fuel cell installation on operating and therefore their 
long-tenn operational e perience with fuel oth r than pure hydrogen such as natural 
gas and bioma -derived ga e u fuel are limited. Besides relatively short lifetime 
of fuel cell y tern j another main drawback(Sirnader et at. 2006). However, fuel 
cell ' high electri al efficicncic , low noise during operation and low emi sions make 
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them particularly suitable for residential, commercial and institutional building 
applications. 
Table 2.6 Typical Performance Parameters of Fuel Cell CUPs (Oliver 2006) 
Performance Characteristics 
Fuel cell type PAFC MCFC PEM SOFC 
Nominal electric 200 250 200 100 
capacity (kW) 
Commercial status Commercial Commercial Demonstration Demonstration 
Electrical efficiency, 36 43 35 45 HHV (%) 
CUP Characteristics 
Total CHP efficiency, 75 65 72 70 HHV (%) 
Powerlheat ratio 0.92 1.95 0.95 1.79 
2.3.3. Micro-CUP Systems for Residential Buildings in UK and the world 
The provision of heating and hot water in the family homes of the United 
Kingdom is undergoing a gradual 'revolution'. The traditional central heating boiler 
is starting to be replaced by an appliance that makes both heat and electricity. There 
are about 23 million households in the UK, 89% (20 million) of which have domestic 
central heating systems of different types. The majority of these were constructed 
prior to 1970 and consequently have relatively high heat loss of 0.05 kWhlm2/degree 
day (compared with Sweden's 0.038, Netherlands's 0.041 and Germany's 
0.07)(Jeremy Harrison 2010). Average household floor area is 85m2 (Sweden (90), 
Gennany (78». Progressive improvements in Building Regulations since 1970, and 
the increasing number of smaller households is resulting in homes with significantly 
lower space heating demands, but with ever increasing domestic hot water usage. 
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Figure 2.15 chematic of energy flows in micro CHP system applied to a 
building 
A typical UK famil home with a ga central heating ystem requIre around 
18,000 kWh of pace heating annually, together with 5000 kWh of water heati ng and 
3,500 kWh of electricit con umpti n . The re ulting h at to power ratio for the typica l 
home thu align well with the chara teri tic of micro-CHP engine technology and 
the rel a ti vely low c1e trical Hi i ncie are in fact a benefit rather than a di advantage 
as wa earlier believed . 
A micro-CH P can be ub tantially more efficient than a SH P (separate 
heat and power) ntral heating boiler and grid: the heat i u cd for pace 
and water heating in ide th buildi ng, \ hi! tel ctricit i used within the buildi ng or 
fed into the public tri ' it grid a hO\; n 111 Figure 2. 15. This lead to lower 
hou ehold energ bill and r du ti o n in energ u and carbon emi ion. 
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g 
-
ELEe TRIOTY IMP T 
;;; .- 1 ~ ~ g 
18' 
S 1 ~ O O ,A 51 
• 10 000 W h 1 H( R A l DE 500 WH ElECT RI Al DE 1AND 
Figure 2. 16 CO 2 aving with Micro-C HP(J er emy Hanison 2004) 
Mi cro-CHP can h Ip to me t a number of energy and socia l policy aims. The 
result of the arbon Tru t field trial on micro-C HP showed that micro-CHP units 
can make 12%-2 1 % arbon aving in mall commerc ial applicatio ns and 4%- 14% 
carbo n aving in hou e with high heat demand (The Carbon Trust Ltd . 201 I). As a 
result of it cool maritimc climate, the UK has a ign ificant heating season spread 
over several mon th . In addition, the majority of the UK housing tocks are not well 
insul ated, with th demand for pace heat ing rangi ng fro m 2,000 to 4,000 running 
hour. Although th :2000 to 4000 runn ing hours might appear to be low compared 
with the req uirement of indu trial and comm ercial C HP install ations with the 
anti cipated hour ' of anything from 6,000 - ,760, the higher unit va lue of electric ity 
at the dome ti lev I i abl (0 compen ate fo r thi s hortcoming (J erem y HaITi son 
20 10). Figurc 2. 16 omparc ' the emi ion of m icro-CHP with tho e of SHP 
(conventi nal b il r \ ith cl tri ity from gri d uppl y). It illustrate that an ann ual 
saving of 1.5 tonn of 2 for a typi al K ho me(Jeremy Harri son 2004). Another 
rea o n to cho e micr - H P in tead of tradit ional HP i because of the economic 
benefit a micro- HP _ t m ha e typica l paybacks of 3-4 yea rs as shown in Table 
2.6 ( lektrot kni k _003) . The tendency to move home in the UK is every 7-8 years 
on averagc, which do not en ourage long teml inve tment in energy efficiency 
52 
measures, and therefore, short paybacks are essential for successful applications of 
micro-CHP systems in the UK homes(Jeremy Harrison 2010). 
Table 2.7 Economics of micro CUP in a typical home(Elektroteknisk 2003) 
Annual heat demand 18000 kWh 
Running hours 3000 hours 
Electricity generated 2400 kWh 
Own use of generation 85 % 
Unit cost of avoided import 6.5 p/kwh 
Value of avoided import 133 £ 
Unit value of export 2.5 p/kwh 
Value of export 9 £ 
Total value of generation 142 £ 
Additional gas cost 0 £ 
Marginal cost of unit 500 £ 
Simple payback 3-4 years 
In addition to a reduction of greenhouse gas emissions from energy supply, micro-
CHP systems also increase decentralisation of energy supply which improves energy 
security, avoids energy losses from electricity transmission and distribution networks, 
and potentially reduces energy cost to consumers (Wolfe 2008). The report of the 
Carbon Trust field trials on micro-CHP(The Carbon Trust Ltd. 2011) also indicates 
that if the costs can be reduced and performance continues to improve, the market of 
micro-CHP for the UK homes can be well above 4 million. It has also been reported 
that micro-CHPs have the potential to achieve over 15% of UK electricity demand by 
2050. 
As the development of micro-CHP systems for residential applications has the 
potential to provide significant benefits to users, customers, manufacturers and 
suppliers of such systems and, in general, benefit to the nation as a whole, in various 
countries, micro-CHP is considered as one potential building block in a more 
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sustainable energy system, although the installed units of micro-CHP are still in low 
level currently. In addition to the UK, other countries are also particularly active in 
the research and introduction of micro CHP systems such as Japan, Germany and the 
Netherlands (Brown et al. 2007). 
Germany has taken a strategic decision to position itself as a leader in micro-CHP. 
By 2003, over 8000 micro-CHP units with a capacity of 5 kWe had been installed in 
German businesses and large homes by one of the main developers. The German 
government anticipated to increase its residential fuel cell to a number as high as 
850,000 units, which is about 5% of the total number of German household. In 2004, 
there were only 60 MWe of micro cogeneration capacity installed in Germany. 
However, this share could increase to 3.3 GWe or 3% of the projected German 
electricity demand in 2050. A major reason for the rather low percentages of micro-
CHP for Germany is the competing trend towards larger district heating installations. 
The Germany government recently established a €500 million National Innovation 
Programme for hydrogen and fuel cells(Ren et al. 2010). Germany's fuel cell 
applications are divided into four segments: transport, portable, industrial (> 100 kWe) 
and "house energy" (1-10 kWe). €125-150 million of project funding is earmarked 
for stationary applications (including CHP)(lnternational Energy Agency "CHP/DHC 
Country Scorecard: Germany" 2009). 
In Japan, the power to most residential buildings is supplied from centralized 
power generation plants, 60% of which are fossil fuel fired with a mean efficiency of 
about 45%. Therefore, in recent years, the introduction of some distributed sustainable 
energy systems is strongly recommended to residential buildings among other 
residential conservation options. Besides the grid-connected photovoltaic (PV) system, 
another timely example of the distributed residential energy supply technology is the 
micro-scale combined heat and power generation, with a maximum electrical output 
capacity between roughly 1 kWe and 10 kWe(Ren et al. 2010). Although micro-CHP 
systems with gas engines were only starting to be commercialized in 2003, the 
Japanese gas companies have installed over 60000 micro-CHP systems in residential 
applications. However, more recently, instead of gas engine CHP systems which were 
developed earlier, the residential fuel cell systems have received more attention from 
both the government and the developers. Over 3000 fuel cell gas engine CHP systems 
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of5kWe, 6kWeand 9.9kWe had been installed as of March 2007(lnternational Energy 
Agency "CHP/DHC Country Scorecard: Japan" 2009). The Japanese government had 
set ambitious goals to introduce 1.2 million units of fuel cell CHP systems in the 
residential sector by the year 2010 when the total number of households is estimated 
to be around 50 million (Ren et al. 2010). However, Japan remains the only market 
where micro-CHP can be considered commercial, with annual sales of Honda's 
ECOWILL levelling at around 20,000(Dijkstra 2010). 
Likewise, in the Netherlands, by 2006 CHP provides about 50% of national 
electricity production, mainly in industry and in greenhouses. Because of the use of 
cogeneration and natural gas, electricity production has been relatively clean in the 
Netherlands. In addition, the share of sustainable electricity is growing, with large-
scale wind and the use of biomass and waste in power stations accounting for much of 
this growth. (Albert Faber et al. 2008). There are more than 6 million houses have gas 
central heating appliances, and 400,000 gas boilers are sold each year. Early 2007 the 
three main energy companies Nuon, Essent and Eneco have signed a covenant 
together with Gasterra, aiming to promote the application of domestic gas-based 
technologies in general, specifically micro- CHPs. The covenants had sold and 
installed 10,000 units in the Netherlands, and use these for large scale testing of 
performance and grid stability by 2009(Dijkstra 2010). 
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2.4. Micro-CHP with Organic Rankine cycle 
From the analysis perfonned in previous chapters, a micro-CHP system operating 
on renewable energies shows extraordinary advantages compared to those 
conventional heating systems in both energy saving and environment protection etc. 
In this section, a micro-CHP based on an Organic Rankine cycle system will be 
represented briefly. 
The interest for low grade heat recovery has been growing for the last decades, 
due to the increasing concern over energy shortage and global wanning. Among the 
proposed solutions, the Organic Rankine Cycle (ORC) system is the most widely used. 
This ORC process is similar to the cycle of a conventional steam turbine, except 
for the working fluid that drives the turbine, which is a high molecular mass organic 
fluid. The ORC system involves parts of the same components as conventional steam 
power system: work-producing expansion device, condenser and pump. However, 
there always is an evaporator in replacement of a boiler to vaporize working fluid in 
relatively lower evaporating temperatures, as shown in Figure 2.17a. 
T b 3 Turbine Alternator 
Evaporator 3 
4 
2 
Pump 
s 
Figure 2.t7 ORC system diagram and T-S process diagram: (a) ORC system 
diagram and (b) a typical T-S process diagram for the investigated ORC system 
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The pump supplies the working fluid to the evaporator, where the working fluid is 
heated and vaporized by the exhaust heat. The generated high pressure vapour flows 
into the turbine and produces power there, and then, the low pressure vapor is led to 
the condenser and condensed by air. The condensed working fluid flows into the 
receiver and is pumped back to the evaporator, and a new cycle begins. The heating 
and cooling sources are not directly in contact with the working fluid or with the 
turbine. For high temperature applications like combined heat and power biomass-
powered plants, high temperature thermal oil is used as a heat carrier and a 
regenerator is added, to further improve the cycle performance. The typical T-S 
process for the investigated ORC system is as shown in Figure 2.17b. 
Due to different working fluids can be chosen depending on the level of heat 
resource temperature, it is possible to generate electrical energy from waste heat, 
geothermal sources, combustion of biomass or solar thermal sources. The ORC 
process can also produce electricity in a wide range of power outputs (from few kW 
up to 3 MW electric power per unit)(Simader et al. 2006). 
The ORC system has technical benefits as high cycle efficiency and high turbine 
efficiency, low mechanical stress of the turbine, low RPM of the turbine allowing the 
direct drive of the electric generator without reduction gear, no erosion of the turbine 
blades, due to the absence of the moisture in the vapour nozzles and Very long 
operational life of the machine etc. furthermore, it also have practical advantages, 
such as simple start-stop procedures, quiet operation, minimum maintenance 
requirements, and good part load performance. 
However, the characteristic and principle of Organic Rankine cycle will be farther 
discussed in the following Chapter with modelling. 
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2.5. Conclusions 
This chapter presents a detailed explanation of biomass fuel as renewable energy 
resource, mainly including the contributions of biomass to the world primary energy 
saving and categories and characteristics of biomass materials. Besides, as biomass 
materials can be converted to various useful forms of energy such as heat, electricity 
and liquid fuels, the conversion technologies of convent biomass fuel into modern 
energy carriers - electricity, gas, and liquid bio-fuels were discussed. 
The capability and benefits of combined heat and power (CHP) technology were 
described within this chapter. Furthermore, a survey of the different micro-CHP 
technologies on the market was mentioned, especially micro turbines that converted 
and adapted to operate with renewable energy. The basic principle of Organic 
Rankine cycle work with low grade heat resources was also mentioned, and the 
further discussion will be made in the following chapter with the modelling. 
It was shown that micro-CHP system based on Organic Rankine Cycle (ORC) 
operating on renewable energies presents many advantages compared to conventional 
cogeneration systems, since they could operate with renewable energies (mostly 
present as low grade heat resources) while achieving high primary energy savings and 
reducing significantly C02 emissions. 
As the aim of the project is to develop and evaluate a novel, first-of-its-kind, 
micro-scale biomass fired CHP system, a special care has to be taken when designing 
and operating the micro-CHP system. Therefore, a modelling analysis of the proposed 
biomass fired micro-CHP system with Organic Rankine cycle will be presented in the 
next chapter before the laboratory testing. 
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Chapter 3. Thermodynamic Modelling of the 
Proposed Biomass-Fired Micro-Scale CHP System 
3.1. Introduction 
Modelling is a powerful tool for many technological investigations. It can not only 
provide useful insights and feasibility to new technological inventions but also save 
time and cost by eliminating unnecessary experimental trials. Therefore, a 
thermodynamic modelling study had been carried out prior to the full experimental 
investigation of the proposed biomass-fired micro-scale CHP system. 
In this Chapter, the thermodynamic modelling of the proposed biomass-fired 
micro-scale CHP system with organic Rankine Cycle (ORC) is presented. The main 
aims of the thermodynamic modelling were to investigate the effects of changing 
operating conditions, recuperating heat with an internal heat exchanger (lHE), 
superheating and subcooling the organic working fluid on the performance of the 
micro-scale CHP system. Three environmentally friendly organic refrigerants have 
been selected as the working fluids: HFE7000, HFE7100 and n-pentane. The selection 
of these working fluids used in the modelling is not only according to their thermo-
physical properties but also limited by the available database of the refrigerants with 
the simulation software EES (McGraw-Hill's Engineering Equation Solver(F-Chart 
Software), which is to be described later in this chapter). The proposed micro-scale 
CHP system is supposed to be able to generate both electricity and heat by using the 
hot water produced from a biomass boiler. 
Different simulation routines were created to model different types of organic 
Rankine cycles with the micro-scale CHP. With each simulation routine, a simple 
Pinch-Point analysis based on temperature profiles in the condenser was carried out to 
calculate the temperature at which the water in the heating loop was leaving the 
condenser. 
The effects on the electrical and thermal energy outputs of the micro-scale CHP 
system of the following four types of variables were investigated with the 
thermodynamic modelling: 
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1. Changing operating conditions with each of the three ORC fluids. The 
modelling was carried out with the maximum system temperature in the 
range of 11 0-140DC and the minimum system temperature in the range of 
11. Recuperating energy with an Internal Heat Exchanger (lHE) 
111. Superheating the working fluid 
IV. Sub-cooling the working fluid 
A brief review of the organic Rankine cycle principles is given below, which is 
followed by the further details on the proposed micro-scale CHP system with ORC, 
the discussion on the ORC fluid selection and the analysis of the thennodynamic 
modelling results. 
3.2. Principle of Micro-CUP System with ORC 
As discussed in the previous chapters, the greenhouse gases, particularly carbon 
dioxides from fossil fuels' consumption have been regarded as the main reason of 
global wanning and other environmental problems over the past decades. The interest 
for low grade heat recovery has been growing for the last decade or so with a large 
number of new solutions being proposed to generate electricity from low temperature 
heat sources. Among the proposed solutions, CHP has been considered to be the 
major evolvement of traditional power generation systems(Denntice d' Accacia M 
2003), which can make significant energy saving and environmental conservation. On 
the other hand, energy use in various buildings accounts for nearly half of the UK's 
delivered energy consumption and half of the UK's CO2 emissions. Many believe that 
micro-scale CHP is the most effective way to satisfy the energy demands and to 
reduce C02 emissions of domestic and light commercial buildings such as small 
office buildings. The heating and power demands of typical domestic buildings and 
small commercial buildings can be fully met by micro-scale CHP systems within the 
size range of IkWe to 10 kWe. Currently, micro-scale CHP systems within the size 
range of lkWe to 10 kWe are undergoing rapid development, and are emerging on the 
market with promising prospects for the near future commercialisation. However, to 
drastically reduce the C02 emissions, the energy demands of the buildings have to be 
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supplied by renewable energy-based systems, such as building integrated wind 
turbines, solar PV. solar thermal and biomass-fuelled micro-scale CHP systems. The 
key aim of the present PhD research project is to develop and evaluate a biomass-
fuelled micro-scale CHP system. A micro-CHP system operating on renewable 
energies has significant advantages compared to fossil fuel energy supply systems of 
either SHP (separate heating and power) or CHP in both energy saving and 
environment protection. 
3.2.1. Power Generation with Organic Rankine cycle 
The Rankine cycle was developed in the early 19th century by a Scottish engineer 
and physicist William John Macquorn Rankine(Rankine}. Rankine developed a 
complete theory of the steam engine and indeed of all heat engines. The Rankine 
cycle was usually based on water as a working fluid. Applications of the cycle with 
different working fluids started to appear in the late 19th century, such as the Naphtha 
boats(Naphtha launch}. In 1883 Frank Ofeldt developed the first Organic Rankine 
Cycle: the Naphtha Launch with which an organic fluid (naphtha) had replaced steam 
as the working fluid(Naphtha launch}. Today, Rankine Cycle with organic working 
fluid is a well-known and widely spread form of energy production, mostly in low-
grade heat resources such as geothermal and biomass applications, but great rises in 
solar and heat recovery applications also being expected. Environmental concern over 
climate change and rising oil prices are powerful reasons supporting the explosive 
growth of this efficient, clean and reliable technology of producing electricity. 
The interest for low grade heat recovery has been growing for a few decades and 
the ORC system is the most widely used among the proposed solutions for low grade 
heat recovery, 
An ORC system is very similar to a steam Rankine cycle system. However, for an 
ORC system, the working fluid is an organic fluid characterized by a lower boiling 
temperature than water and thus allowing its evaporation at a reduced temperature. 
Since different working fluids can be chosen according to the temperature levels of 
the available heat sources, it is possible to generate electrical energy by use of an 
ORC system from waste heat, geothermal, combustion of biomass and solar thermal 
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source. ORC i al 0 applicable to a wide range of power o utputs (from few kW up to 
3 MW electric power per unit)( imad r e/ 01. 2006) . 
Thermooil cy cle 
Evaporator 
Biomass 
--.. -- --
Air 
Flue gas 
ORC 
process 
Silicon 011 
.. p u ~ ~
Turbine 
Economlser 
Generator 
G I (directly coupled) 
Regenerator 
Condenser 
Heat 
consumers 
Figure 3.1 Principle of a biomas -fired CHP with an ORC process(Oliver 
2006) 
As mentioned before in chapter 2. 5, an ORC system has the ame types of 
components a a conventio nal team Rankine cycle system: boiler (evaporator), work-
producing expan ion d ice (turbine) , condenser and pump. However, there always is 
an evaporator to vaporize the working fluid at a relatively low evaporating 
temperature. The organi work ing fluid i vapo rized by application of a heat source in 
the evaporator. The organic fluid vapor expand in the turbine, producing mechanical 
energy whi ch can be tran f01l11 d to electrical energy via a generato r, and is then 
conden cd u ing a flov of oo lant uch a water in a hell -and-tube heat exchanger. 
The condcn ate is pump d back to the evaporator thu closing the thermodynamic 
cycle. Heating and 0 ling ou r e are not directly in contact with the working fluid 
or with the turbin . F r high t mperature app!i ation such a biomass-fired CHP 
power plant (a hown in Figure"' . I) , a high temperature thennal oil can be u ed as a 
heat carri er and a r generator can be added , to further improve the cycle perfonnance. 
The bi oma -fired HP p wer plant with an ORC process shown in Figure 3. 1 
con i t of thr 10 cd loop cl - the thennal oi l cycle, the organ ic Rankine cycle 
and the co ling water cycl :. 
62 
I. The biomass boiler as a heat source heats thermal oil to a high temperature, 
typically about 300°C, in a closed cycle; 
2. The hot thermal oil evaporates the organic working fluid (Silicon oil) of the 
ORC in a suitable heat exchanger system (pre-heater and evaporator); 
3. The organic vapour expands in the turbine, producing mechanical energy, 
further transformed into electric energy through a generator; 
4. The organic fluid vapour is then cooled by the cooling water in a closed cycle 
and condensed with the cooling water warmed up at about 80 - 90°C and used for 
different heating purposes; 
5. The condensed organic fluid is pumped back into the regenerator to close and 
restart the organic Rankine cycle. 
The main technical benefits of ORC systems are (Minea 2007): 
_ High cycle efficiency and high turbine efficiency (up to 85%) 
_ Low mechanical stress of the turbine, due to the low peripheral speed 
_ Low RPM of the turbine allowing the direct drive of the electric generator 
without reduction gear 
-No erosion of the turbine blades, due to the absence of the moisture in the vapour 
nozzles 
-Very long operational life of the machine due to the characteristics of the 
working fluid, that is, unlike steam, non-eroding and non-corroding for valve seats 
tubing and turbine blades. 
ORC systems also have practical advantages, such as simple start-stop procedures, 
quiet operation, minimum maintenance requirements, and good part load performance. 
Partly due to the above listed technical benefits and practical advantages, organic 
Rankine cycle has become one of the main power generation concepts that has been 
applied to biomass-fuelled CHP systems, in particular with those within the size range 
of 200 kWe to 1.5 MWe. ORC manufacturers have been present on the market since 
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the beginning of the 1980's. They pro ide OR solutions in a broad range of power 
and temperature Ie el ,a hown in Table 3.1 . The e manufacturers now offer various 
biomas -fired ORC pow r gen ration and HP y terns which have been successfully 
demonstrated and bec me ommer ially available with typical electrical efficiency of 
15 - 20%. For in tance, ADORATE in German offers CHP systems with ORC in the 
power range betwe n 300 and 2.400 kWe, fuelled by biomass, waste heat or 
geothermal heat (ADORATEC). Turboden based on Northem Italy offers different 
standard models for HP cogeneration with ORC generally within the range of 400 
kWe and 2 MW (T RBODE Ltd.). 
Table 3.1 Non-c hau tive list of the main ORC manufacturers(Quoilin 2009) 
Manufacturer Appl ications Power range Heat source Technology 
temperature 
ORMAT. US Geothermal , 200 'r0N e - 72 150" - 300:C Fluid . n-pentane 
WHR. solar We 
Turboden, Italy CHP. 200 'r0Ne - 2 MNe 100 - 300'C Fluids . OMTS. 
geothermal Sol atherm 
AJoal turbines 
Adoratec. CHP 315 - 1600 'r0Ne 300'C FlUid OMTS 
Germany 
GMK. Germany WHR 50 'r0Ne - 2 We 120"·350'C 3000 rpm Multi-stage 
Geothermal axial turbines (KKK) 
CHP FlUid' GL 160 (GMK 
patented) 
Koehler-Ziegler, CHP 70 -200 KWe 150 - 270'C FlUid. Hydrocarbons 
Germany Screw expander 
UTC US WHR. 280 'r0Ne >93'C 
geothermal 
Cryostar WHR, na 100 - 400 'C Radial Inflow turbme 
Geothermal FlUIds R245fa. R134a 
Freepower U WHR 6KWe·120KW 180 - 225 'C 
Tn-o-gen. WHR 160 k W ~ ~ >350=C Turbo-expander 
Netherlands 
Electratherm US WHR 50KWe >93'C Twm scrfffl e pander 
Infinity Turbine WHR 250 'r0Ne 80'C FlUId R134a 
Radial Turboexpander 
. 
*Source : Manufacturer web ite ; itrin, 2005; Gaia, 2006; Lorenz, 2006; Holdmann, 2007; 
Schu ter, 2009 
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3.2.2. The proposed biomass-fired CHP system with organic Rankine Cycle 
As stated above, the principle of the ORC-based power generation is similar to 
that of the steam-driven Rankine turbine cycle, except that the working fluid (which is 
not water) has favourable thermodynamic properties (the boiling point, the critical 
point, the latent heat, the slope of the saturation vapour T -s line, the maximum 
stability temperature, etc.), is used as the working medium for the turbine(Hung et al. 
1997). The ORC-based power generation has been widely applied to the power 
generation from low temperature heat sources, such as the recovery of industrial waste 
heat, geothermal heat and solar heat, with the size of the generator as small as a 
fraction of a kWe(Hung et at. 1997). An ORC turbine is more economical than a 
steam-driven turbine in terms of capital and maintenance costs due to the use of non-
eroding, non-corrosive and low temperature working fluid vapour. In addition, the 
ORC-based power generation offers advantages in electricity generation efficiency 
over the steam Rankine cycle power generation at small- and micro-scale systems. 
Over the past decade, the Department of Architecture and Built Environment, 
University of Nottingham, UK, has carried out a series of research projects which 
focus on the ORC-based micro-scale power generation for residential and small 
commercial building applications. Different heat sources have been chosen such as 
solar energy(Yagoub et al. 2006) and gas-fired boiler(Nguyen et al. 2001) etc. Results 
from these previous research projects have indicated that the ORC-based power 
generation can be successfully applied to micro-scale CHP systems using various heat 
sources including hot-water generated from biomass boiler. 
The originally proposed biomass-fired micro-scale CHP system of this project is 
schematically shown in Figure 3.2. It consists of two main cycles: the hot water cycle 
and the organic Rankine cycle. The heat released from the combustion of biomass 
inside the biomass boiler is used to heat the water via the boiler heat exchanger, while 
the hot water is used as the heating source of the organic Rankince cycle. The ORC 
working fluid is closely circulating within the organic Rankine cycle: the condensed 
ORC working fluid is pumped through the evaporator where it is heated by the 
circulating hot water to generate organic working fluid vapour which expands in the 
turbine to generate electricity via a generator; the working fluid at the turbine exhaust 
is condensed in the condenser and flows back to the circulation pump to begin a new 
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cycle. Cooling water is used to recover the heat of the working fluid after the turbine 
exhaust. Depending on the ORC working fluid used and the operating conditions of 
the micro-scale CHP system, the heat recovered by the cooling water can be used for 
hot water supply or under floor heating etc. 
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Figure 3.2 Schematic of the originally proposed biomass-fired CUP system 
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3.3. Working fluid selection for a low temperature ORe 
3.3.1. Introduction 
For micro-scale organic Rankine cycle, the design and its energy performances are 
strongly depend on the properties of the working fluids. Organic fluids present lots of 
advantages compared with water, particularly for low power outputs, as a result of 
utilizing low grade energy as heat input. In this section, the required characteristics of 
ideal working fluids will be discussed. An ideal organic fluid needs to fulfil several 
requirements, such as environmental, safety, and suitable thermodynamic and thermo-
physical properties that can match the design requirements of the proposed Rankine 
cycle components. 
3.3.2. Review of previous studies on ORC working fluids 
The use of organic Rankine cycle for micro-scale power generation is not a new 
concept and many investigations have been carried out. There are micro-CHP units 
based on Rankine cycle operating with organic fluids which are named as organic 
Rankine cycle micro-CHP(Yamamoto et al. 2001). The ORC technology offers the 
opportunity to operate these micro engines with renewable energy resources and low-
temperature heat sources. The ORC technology has been used in the previous years 
with different configurations in energy recovery from low-grade waste heat 
applications and geothermal applications as reported, amongst others, by Liu et al 
(2004) and Saleh et al (2007), and is now seen as one of the favourable technologies 
to be used in micro-CHP and solar energy applications. A number of investigations 
have been carried out to study the types and properties of ORC working fluids. 
Amongst them, Saleh et al. (2007), Liu et al. (2004), Drescher and Bruggeman (2007), 
Hung et al. (1997) and Mago et al. (2008) have, in particular, investigated the role and 
performance of dry fluids for ORC. 
Saleh et al. (2007) screened a number of fluids for geothermal applications of 
ORC such as alkanes, fluorinated alkanes, ethers, and fluorinated ethers, with 
operating temperatures between 100° C (source) and 30° C (sink). They had studied 
different cycle configurations depending on the shape of the saturated vapour line in 
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the T -S diagram which was used to distinguish the different types of organic working 
fluids. They also studied the effect of superheating organic working fluids on ORC 
efficiency and concluded that the characteristics of the heat carrying fluid had to be 
considered when determining the optimal fluid for an application(Saleh et al. 2007). 
Borsukiewicz- Gozdur et al. (2007) who studied the power output of an ORC-based 
geothermal power plant concluded that there was an optimum evaporation 
temperature for an ORC working fluid(Borsukiewicz-Gozdur et al. 2007). Hung et al. 
(1997) shows that the slopes and the shapes of the saturation vapour curve of the 
fluids have a primary effect on the performance of the ORC where the "isentropic ,. 
fluids seem to be the most suitable type of the selected working fluid for recovering 
low temperature waste heat(Hung et al. 1997). Liu et al. (2004) analysed the 
performance of several working fluids of ORC adapted to waste heat applications. 
They concluded that wet fluids are not the best option for low temperature ORCs and 
that cycle efficiency increases as the temperature of the heat source increases, and 
decreases if the fluids with lower critical temperature are used(Liu et af. 2004). 
Further discussion on the three categories of ORC fluids, i.e. the 'dry fluids', the 'wet 
fluids' and the 'isentropic fluids' will be given in Section 3.3.3. 
Hung (2001) had shown that the efficiency of the ORC heavily depends on two 
factors: working conditions ofthe cycle and thermodynamic properties of the working 
fluids. Different working fluids had been compared including benzene, toluene, p-
xylene, R-113, and R-123. Among these fluids p-xylene shows the highest efficiency 
while benzene shows the lowest. The study also showed that p-xylene presents the 
lowest irreversibility's when recovering high temperature waste heat, while R-113 and 
R-123 present a better performance in recovering low-temperature waste heat(Hung 
2001). Mago et al. (2008) investigated the benefits of using a regenerative ORC with 
dry organic fluids to convert waste heat to power from low-grade heat sources. The 
different working fluids studied were R-113, R-245ca, R-123, and isobutene. It was 
found that using the regenerator could lead to a higher thermal efficiency and lower 
irreversibilities. It was also found that the boiling point temperature of the ORC 
working fluid had a significant effect on the cycle thermal efficiency and the authors 
concluded that the organic fluids should be operated at saturated conditions(Mago et 
af. 2008). Wei et al. (2007) conducted a performance analysis and optimization of an 
organic Rankine cycle system using HFC-245fa as working fluid driven by exhaust 
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heat to maximize its recovery in order to improve the system output net power and 
both the electricity and overall efficiency(Wei et at. 2007). Angelino et at. (2000) 
investigated the use of working fluids such as aromatic hydrocarbons, siloxane, and 
siloxane mixtures straight chain hydrocarbons, and aromatic per-fluorocarbons for 
waste heat recovery from molten carbonate fuel cell plant. The performance of energy 
recovery cycles using different fluids was evaluated by means of optimization 
software for different operating conditions and cycle configurations(Angelino et al. 
2000). Chen et at. (2006) conducted a comparative study of the C02 trans-critical 
cycle with an organic Rankine cycle and using R-123 as working fluid in waste heat 
recovery. The results show that the C02 trans-critical cycle represents a higher 
performance than R-123 when operating with low-grade waste heat(Chen et at. 2006). 
Marciniak et at. (1981) conducted a comparative study of seven working fluids 
(water, methanol, R-ll, R-I13, 2-methypyridineIH20, Fluorinol 85, and toluene) on 
the design of an aRC power system in the range of 600-2400 kW. The author pointed 
out the disadvantage of using water as the working fluid for operating temperatures 
below 371 0 C where it becomes less efficient and too expensive. However, other 
working fluids such as organic compounds can be economically attractive at lower 
temperatures(Marciniak et at. 1981). Cong et al. (2005) carried out a detail analysis 
for producing mechanical work by an aRC operating on solar energy using R-123 or 
isobutene as the working fluid and studied the effect of the thermodynamic properties 
of the two working fluids on the operating conditions(Cong et al. 2005). McMahan et 
al. (2006) studied the use of aRC for electricity production by means of compound 
parabolic collectors. The effect of the selection of working fluids and the 
configuration of the aRC on the system performances had been discussed and an 
economic optimization methodology for solar-thermal aRC power plants had been 
presented(McMahan 2006). 
Studies have also been carried out to investigate electricity and heat production by 
means of aRC from solid biomass combustion over the past years. For example, 
Drescher and Bruggeman (2007) had tested some isomeric hydrocarbons such as 
alkybenzenes for biomass aRC applications and showed that the aRC efficiency 
increased if the minimum temperature process was lowered, the maximum process 
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temperature increased, and the vaporization enthalpy to enthalpy input increased (i.e. 
very low degrees of superheating and subcooling) (Drescher et al. 2007). 
The different studies summarised above have shown that the selection of the ORC 
working fluids needs to take account of many parameters such as those related to the 
heating source and the working fluids themselves. The ORC fluid will affect not only 
the efficiency of the ORC process but also the design of the ORC main components. 
3.3.3. Working fluids selected for the project 
Organic working fluids can be divided into three different categories - the 'wet 
fluids', the 'dry fluids' and the 'isentropic fluids', depending on their vapour 
saturation curve types (see Figure 3.3) in the temperature-entropy (T-S) diagram. 
Saturation vapour curve is the most crucial characteristic of the working fluid in an 
ORC. It affects the fluid applicability, cycle efficiency, and component design in an 
ORC power generation system. The derivative (dT/ds) is primarily a function of the 
vapour specific heat capacity and, as a consequence, is directly related to the molecule 
structure of the fluid. The heat capacity ratio (or adiabatic index) is the ratio of the 
heat capacity at constant pressure (Cp)to heat capacity at constant volume(Cv). It is 
denoted by(y): 
Cp y=-
Cv 
(3.1 ) 
For simple molecules, the value of heat capacity ratio (y) is relatively high. Those 
fluids exhibit a negative slope of the saturated vapour line in the T -S diagram and are 
known as the 'wet fluids'. As the complexity of the molecule increases, the heat 
capacity ratio (y) decreases, tending to one and the slope of the saturated vapour line 
becomes positive and become one of the 'dry fluids'). For an ideal working fluid, 
(dT/ds) tends to the infinity; then the fluid saturation vapour curve tends to be vertical 
in the T -S diagram, so the name of "isentropic" fluids. This feature affects the ORC 
fluid applicability, operation and cycle efficiency(Liu et al. 2004). 
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Figure 3.3 Schematic representation of dry, isentropic and wet fluids 
The choice of the working fluid for a given ORC application is a key-issue and 
has been treated with great care in numerous studies reviewed in the above section. 
Generally, the characteristics of an ORC fluid should fulfil the following requirements: 
1. Thennodynamic perfonnance: the efficiency and/or output power should be as 
high as possible for the given heat source and heat sink temperatures. This generally 
involves low pump power consumption and appropriate boiling and critical 
temperatures. 
2. Positive or isentropic saturation vapour curve, i.e. dry or isentropic fluids. A 
negative saturation vapour curve, i.e. a 'wet fluid', leads to droplets at the end of the 
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expansion(Quoilin 2009). The vapour must therefore be superheated at the turbine 
inlet in order to avoid turbine damages, which decreases cycle performance 
(Yamamoto et af. 2001). In the case of positive saturation vapour curve, i.e. with a dry 
fluid, a recuperator can be used in order to increase cycle efficiency. 
3. High vapour density: this parameter is of key importance, especially for fluids 
showing a very low condensing pressure (e.g. silicon oils). A low density leads to 
very large equipments at the expander and condenser level. 
4. Acceptable pressures: as already stated with water, high pressures usually lead 
to higher investment costs and increasing complexity. 
5. High stability temperature: unlike water, organic fluids usually suffer from 
chemical deteriorations and decomposition at high temperatures. The maximum heat 
source temperature is therefore limited by the chemical stability of the working fluid. 
The working fluids should be thermally and chemically stable at all operating 
temperatures and pressures. 
6. Low environmental impact and high safety level: the mam environmental 
factors that need to be taken into account are the Ozone Depleting Potential (ODP), 
the Greenhouse Warming Potential (GWP), the toxicity and the flammability. The 
working fluid should be non-toxic, and preferably non-flammable. 
7. The working fluids should be non-corrosive to the more common engineering 
materials used for the different components of the ORC such as pipes, turbine, heat 
exchangers, and seals. 
8. Availability and cost: The fluid selected should be commercially available with 
acceptable cost. 
In general, the screening method for working fluids depends on different criteria 
such as environment, safety, performance, and economic issues. In this project, the 
working fluid selection was also limited by the available database of the refrigerants 
with the simulation software EES (McGraw-Hill's Engineering Equation Solver, to be 
described later). 
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Some of the organic working fluids used in preVIOUS investigations of ORC 
processes, such as Freons, CFCS, are ozone depleting substances and hence 
detrimental to the environment. HCFCs and HFCs have great Global Warming 
Potentials (GWP) and are either phasing-out or facing the calls of phase-out - on 
Friday, September 21, 2007, representatives of 191 countries met in Montreal and 
agreed to accelerate phase-outs of HCFCs from 2009, with developed countries 
agreeing to reduce production and consumption 10 years earlier than previously 
promised, with final phase out in 2020(Montreal protocol 2007). Even though HFC 
refrigerants remain to be 'the best option to meet many needs', HFCs will face the 
calls for phase-out because of their great GWPs. There are many environment-
friendly working fluids, such as hydrofluoroethers (HFEs) and n-pentane, which can 
be used in ORC-based processes. Tsai et al. (200S) did an environment risk 
assessment of hydrofluoroethers (HFEs) and indicated that some HFEs such as HFE-
7000, HFE-7100, HFE-7200 and HEF -7S00 could be considered to replace HCFCs, 
and HFCs in order to reduce the greenhouse gases emission and become 
environmentally friendly(Tsai 2005). 
In this project two different HFEs are taken into consideration, HFE7000 (also 
known as HFE347mcc and RE347mcc) and HFE7100 (also known as HFE449mccc), 
which are also included in the database of the software (EES) used for the modelling. 
Their boiling points, 3S.24°C and 60.04°C respectively, and critical temperatures, 
164.6°C and 19S.3°C respectively, indicate that they are the suitable working fluids 
for micro-CHP systems delivering heat to domestic heating systems such as under 
floor heating and domestic hot water. One potential advantage of using these fluids is 
that the pressure in the condenser can be kept near to the region of 1 atm, thus 
reducing maintenance costs due to system leaking, using vacuum pumps or 
pressurizing the cycle. The critical temperatures of these two fluids are higher than the 
maximum process temperature - the evaporation temperature which is designed to be 
at 160°C. 
In addition to HFE7000 and HFE7100, an alkane, n-pentane, has also been 
selected as the working fluid for the modelling. The thermophysical properties, of n-
pentane are very similar to those of HFE7000 and HFE7100 and are also included in 
the database of the modelling software - EES. n-pentane has low ODP and GWP 
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values, low toxicity, and is relatively stable(Saleh et at. 2007). But n-pentane is 
flammable and therefore proper safety measures have to implement if it is used in 
practice. 
Table 3.2 Properties of selected fluids 
HFE7000 HFE7100 n-pentane 
Molecular fonnula n-C3F70CH3 C4F9OCH3 
Boiling Point (0C) 35.23 60.03 35.87 
Critical Temperature (0C) 164.6 195.3 196.5 
Critical Pressure (kPa) 2478 2229 3364 
Enthalpy of Vaporisation (kJ/kg)* 132.4 111.5 357.8 
Ozone Depletion Potential 0 0 o 
Global Wanning Potential 450 410 3 
*The enthalpy of vaporisation is obtained at the substance nonnal boiling point 
All the three fluids selected for modelling, HFE7000, HFE7100 and n-pentane 
selected for modelling are dry fluids. As definition, the slope of the saturated vapour 
line of a dry fluid is positive (Figure 3.3) and hence when it enters the turbine as a 
saturated vapour, it will exit from the turbine in the superheated vapour region. This 
means no superheating before the turbine is needed to avoid damage to the turbine 
blades due to droplets. This characteristic is particularly favourable in applications 
with low-temperature heat sources. The properties of the three selected fluids are 
shown in Table 3.2, with the enthalpy of vaporisation being obtained at the substance 
nonnal boiling point. For modelling consistency, all thermophysical properties of the 
selected fluids were calculated by using the database of the modelling software - EES, 
although their values may slightly differ from those presented by other 
researchers(Sekiya et al. 2000). 
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3.4. Modelling Software 
The software used in this ORC model is McGraw-Hili's Engineering Equation 
Solver, which is named as EES in this thesis for short(F-Chart Software). EES is a 
general equation-solving program that can numerically solve thousands of coupled 
non-linear algebraic equations. The program can also be used to solve differential and 
integral equations, do optimization, provide uncertainty analyses, perform linear and 
non-linear regression, convert units, check unit consistency, and generate publication-
quality plots. A major feature of EES is the high accuracy thermodynamic and 
transport property database that is provided for hundreds of substances in a manner 
that allows it to be used with the equation solving capability(F-Chart Software). 
A major difference between EES and other existing equation solving programs, 
such as BACKONE (BACKONE Equations of State), is the many built-in 
mathematical and thermophysical property functions which EES provides. For 
example, the steam tables are implemented such that any thermodynamic property of 
steam can be obtained from a built-in function call in terms of any two other 
properties. Similar capability is provided for many other fluids, e.g., ammonia, 
nitrogen, methane, propane, all common CFC refrigerants, R-134a and including all 
three ORC fluids selected for this project: HFE71 00, HFE7000 and n-pentane. Hence, 
all thermodynamic properties of the ORC fluids in this thermodynamic modeling 
study were obtained by use of EES. EES also allows professional plotting (2-D, 
contour, and 3-D) T-s, P-h and P-V diagrams with automatic updating. Fluid 
properties such as temperature, pressure, enthalpy and entropy could be calculated by 
the programme with a good degree of accuracy and then directly be linked to the set 
of equations representing the various processes of the Organic Rankine Cycle (F-
Chart Software). 
EES has another very useful feature called parametric tables. In such tables, 
selected variables appear on the columns, while the lines represent different cases; 
each case has an unique combination of independent variables (IV) values; the user 
can input different IV values on different lines, therefore avoiding having to change 
those values in the routine code every time the value of an IV changes. Calculations 
yielding the values of the dependent variables for all cases are then completed all at 
once, saving a significant amount oftime(F-Chart Software). 
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However, EES still has some shortcomings, such as the list of fluids included in 
the software database is neither particularly large nor up to date. The refrigerants 
included are mainly CFCs, HCFCs, HFCs, and hydrocarbons(F-Chart Software). The 
number of environmentally friendly fluids which could be used for ORC applications 
such as this project was quite small. In particular, only two hydrofluoroethers (HFEs), 
HFE7000 and HFE7100 were included in the list and could be used in the modelling 
of this study. The presence of the phased-out refrigerants and those of facing phasing-
out is anyway useful, for it allows comparing the performances of new fluids with the 
ones used before the implementation of Kyoto Protocol and Montreal Protocol. 
In the case of HFE7000, and HFE7100, the correlations, used in the software of 
EES to calculate the fluid state properties were fit to data supplied by the 
manufacturer 3M(3M Ltd.). In the case ofn-pentane, correlations and basic data were 
taken from existing literature(F-Chart Software). 
EES applied in mechanical engineering thermodynamics and heat transfer can be 
great help for the researcher to work problems. However, much of the time and effort 
would be saved to solve problems results from looking up property information and 
solving the appropriate equations. Besides, EES is particularly useful for design 
problems in which the effects of one or more parameters need to be determined. Just like 
this case. The program provides this capability with its Parametric Table, which is similar 
to a spreadsheet. The modelling process and appropriate equations will be described in 
the following sector. The variables will be identified and are independent by entering 
their values in table cells. Then the EES will calculate the values of the dependent 
variables in the table. The relationship of the variables in the table can then be displayed 
in publication-quality plots. 
However, it has to be noted that just some functions of EES were used in this 
project, and therefore this section does not aim at giving an exhaustive description of 
the software capabilities and limits, that go far beyond what has been mentioned 
above 
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3.5. Organic Rankine Cycle Modelling 
3.5.1. Modelling Simplifications and Assumptions 
The modelling and analysis of the organic Rankine cycles have been conducted 
according to the First Law of Thermodynamics, that of energy conservation, to find 
both the work inputs and outputs, and heat added and rejected are all under steady 
state conditions. The ORC modelling described in this chapter is part of the overall 
research project tasks which is ideally to be done at the cycle design stage. Due to 
time restrictions, the ORC modelling has been carried out concurrently with some of 
the experimental activities. Nevertheless, the modelling results have been used to 
guide the experimental activities of the project wherever possible. There are a number 
of simplifications that have been adopted with the modelling: 
• The modelling of some of the cycle components is a simplistic one with 
assumed generic thermal efficiencies. In particular, this is true for the 
evaporator and condenser which represent a generic ability of the 
components to transfer heat from the warm side to the cold side. 
• Heat transfer simplifications: Heat transfer coefficients which should be 
related to a number of factors such as velocity, density, viscosity, 
boundary layers of the fluid and dimensions of the heat exchangers, were 
not taken into account with the modelling. Instead, a default assumption 
that 'the required amount of heat can be transferred from the warm side to 
the cold side' is adopted with the modelling. 
• Pressure drops in the heat exchangers and in the pipes were ignored with 
the modelling. In addition, the heat losses through all the pipe walls of the 
cycle have been assumed to be equal to zero. The heat losses through heat 
exchangers are taken into account by use of assumed thermal efficiencies 
detailed below. 
Furthermore, a number of parameters (as show in Table 3.3) have been set to be 
constants throughout the whole modelling process: 
• According to the size of the biomass boiler used in this project, the 
nominal thermal input of the biomass boiler is taken as 20 kWe. The 
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thennal efficiency (TJboiler ) of the biomass boiler is set to be 85% (based 
on the low heating value of the biomass fuel), which is specified by the 
manufacturer and confinned by the testing on the biomass boiler. The 
boiler thennal efficiency is expected to decrease slightly when the hot 
water temperature is higher than the nominal operating temperature (95°C) 
specified by the manufacturer. However, this has been neglected with the 
modeling studies reported in this chapter. 
• A well-insulated SWEP compact heat exchanger is used as the evaporator 
of the ORC fluid and hence its heat loss to the surrounding is expected to 
be small. The thennal efficiency of evaporate (TJevap) is assumed to be 
0.96. The isentropic turbine efficiency (TJturb ,IS) is assumed to be 85% 
following Saleh et al.(Saleh et al. 2007) 
• The heat loss factor of the condenser thennal is assumed to be 0.98, 
another well-insulated SWEP compact heat exchanger is used as the 
condenser and hence its heat loss is expected to be small. Because of its 
lower operation temperature than the evaporator. 
• The isentropic pump efficiency (TJpump ,IS) is assumed to be 85% 
• The efficiency of the alternator (TJalt) is set to be 90% although the value 
can vary considerably depending on the type and size of the alternator. 
Any uncertainty in the performance of this element can affect greatly the 
electrical efficiency of the system. 
• The inlet temperature of the cooling water of the condenser can vary 
considerably from season to season, which can alter the thennal efficiency 
of the system. Nevertheless, for the laboratory test is starting in the winter 
of 2009, it is assumed to be 13 °c which is the average temperature of the 
tap water used in the test then. 
Although in real experimentation, the turbine, pump, alternator, boiler and heat 
exchangers efficiencies will change depending on different organic working fluid type, 
working temperature and pressure, size and design of components etc., the 
thermodynamic modelling will not try to analyse the effects of the changing 
efficiencies on the performance of the system. Instead, the modelling will focus on the 
comparative analyses of system performance with different organic working fluids 
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and different cycle configurations, with or without internal heat recuperations, which 
will be detailed later within this chapter. 
Table 3.3 Values of Assumed Parameters 
Boiler thermal input Qin 25 kWth 
Pump Isentropic Efficiency Tlpump .IS 85 % 
Evaporator Heat thennal efficiency Tlevap 96 % 
Turbine Isentropic Efficiency Tlturb .IS 85 % 
Internal Heat Exchanger thennal efficiency TllHE 97 % 
Condenser Heat Loss Factor Tleond 98 % 
Boiler Thermal Efficiency Tlboiler 85 % 
Alternator Efficiency Tlal t 90 % 
Cold water inlet temperature Teooling _w 13 °C 
3.5.2. Cycle Configurations and thermal efficiency of ORC 
The basic Organic Rankine cycle configuration to be modelled in this project 
involves four processes as shown in Figure 3.4: 
• Pumping process of the organic working fluid (between states 1-2), 
• Evaporation process (between states 2-3), 
• Expansion process in a turbine (between states 3-4), 
• Condensation process (between states 4-1). 
According to the basic ORC configuration described above, an ideal, basic organic 
Rankine cycle can be depicted on a T -s diagram as Figure 3.5. This ideal Rankine 
cycle does not involve any internal irreversibility and these four processes can be 
summarised as the following: 
• Isentropic compression in the pump (between states 1-2) 
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• Constant pressure heat addition in the evaporation (between states 2-3) 
• Isentropic expansion in a turbine (between states 3-4) 
• Constant pressure heat rejection in a condenser (between states 4-1) 
Hot water 
cycle 
Evaporator 
Condenser 
2 
ORe fluid 
Pump 
Turbine Alternator 
4 
Cooling 
water 
Figure 3.4 A Basic Organic Rankine cycle 
The working fluid enters the pump at state 1 as saturated liquid and is compressed 
isentropically to the operating pressure of the evaporator. The working fluid 
temperature increases somewhat during this isentropic compression process due to a 
slight decrease in the specific volume of the fluid. Then, the working fluid enters 
evaporator as a compressed liquid at state 2 and leaves as a saturated or superheated 
vapour at state 3. The evaporator here is basically a large heat exchanger where the 
heat of hot water originating from the combustion of biomass is transferred to the 
organic working fluid essentially at constant pressure. After that, the saturated or 
superheated vapour at state 3 enters the turbine, where it expands isentropically and 
produces work by rotating the shaft connected to an electric generator. The pressure 
and the temperature of working fluid drop during this process to the values at state 4, 
where the working fluid enters the condenser. At this state, the working fluid is 
usually a superheated vapour as only dry working fluids are used with the proposed 
system. Finally, the working fluid is condensed at constant pressure in the condenser, 
which is also basically a heat exchanger, by rejecting heat to a cooling water system. 
The working fluid leaves the condenser as a saturated liquid or a sub-cooled liquid 
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which denotes the liquid temperature is lower than the corresponding saturated liquid 
temperature and enters the pump, completing the cycle. 
T 
., 
J 
4 
s 
Figure 3.5 T -s diagram of a ideal basic ORC 
All four components associated with the basic organic Rankine cycle (the pump, 
boiler, turbine, and condenser) are assumed to be steady-flow devices, and thus all 
four processes that make up the organic Rankine cycle can be analyzed as steady-flow 
processes. The kinetic and potential energy changes of the fluid/vapour are usually 
small relative to the work and heat transfer terms and are therefore neglected with the 
modelling. Applications of the conservation of mass and the first law of 
thennodynamics lead to the expressions for the work per unit of mass flowing of the 
turbine (Wturb) and that of the pump (Wpump ), the net work (W net) , the heat 
transfer into the system per unit of mass flowing( q in), the heat transfer out of the 
system per unit of mass flowing (qout) and the efficiency (TJRank)' Theoretically 
speaking, the work input into the system (wpump ) should be defined as positive work, 
the work output of the system (Wturb) as negative work. However, during the 
following calculate, for net work output of the cycle is expressed as numerical 
positive value, the sign of works may be differ from their thermodynamic definition. 
The work of the turbine and work of the pump can be expressed as: 
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(3.2) 
(3.3) 
The net work output of the cycle can be expressed as: 
(3.4) 
The heat transfer supplied by the evaporator is 
(3.5) 
The thermal efficiency of the Rankine cycle can be expressed as the net work of 
the system divided by the heat input into the system. 
11 Rank 
llRank 
Wnet 
=--
(h rh4)-(h z-h 1) 
h3-hz 
T 
Figure 3.6 T -s diagram of a Carnot cycle 
(3.6) 
(3.7) 
s 
Consider a steady-flow Carnot cycle executed within the saturation of working 
fluid, as shown in Figure 3.6. This ideal Carnot cycle does not involve any internal 
irreversibility and these four processes can be summarised as the following: 
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The fluid is compressed isentropically by a compressor (pump) to the initial state 
(process 1-2), and then heated reversibly and isothennally in a boiler (evaporator) 
(process 2-3), expanded isentropically in a turbine (process 3-4), condensed reversibly 
and isothennally in a condenser (process 4-1). The thennal efficiency of a Carnot 
cycle operating between high temperature (T max) and low temperature (T min) 
reservoirs is given by 
1 Tmill llcarnot = - -T-
max 
(3.8) 
The maximum temperature of the heat source (T max) depends on the type of 
energy source (hot water generated from combustion of biomass for this project) and 
the energy transfer efficiency of evaporator, whereas (T min) depends on the available 
cooling water temperature and the heat transfer efficiency of the condenser. As none 
of the cycles operating between temperatures (T max) and (T min) can exceed the 
efficiency ofa Carnot cycle, (llRank )should always be smaller than (llcarnot)· 
T 
4 
s 
Figure 3.7 T-s diagram of a real basic ORC 
A real, basic organic Rankine cycle will involve some internal irreversible 
processes, particularly the turbine expansion process and the pumping process which 
are to be represented by an isentropic efficiency of the turbine and an isentropic 
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efficiency of the pump in the modelling. As shown in Figure 3.7. This will be further 
discussed in the next section. 
In addition to the basic Organic Rankine cycle configuration shown in Figure 3.4, 
other ORC configurations have been investigated in this modelling which include 
those with and without Internal Heat Exchanger (IHE), and those with and without 
superheating and subcooling. 
In an ORC with an Internal Heat Exchanger (Figure 3.8), some heat contained in 
the vapour after the turbine exhaust is recuperated, before the vapour is condensed, 
and is used for pre-heating the organic working fluid. The modified Rankine Cycle 
stages therefore become: 
• pumping the fluid (process 1-2) 
• preheating the fluid with the recuperated heat (2-2a) 
• evaporation (2a-3) 
• expansion(3-4) 
• release of the heat to be recuperated (4-4a) 
• condensation (4a-l ) 
The controlled variable of the IHE (such as at a design stage) is the temperature 
drop on the warm side, (L1TlHE ) in this modelling, it has been varied between 0 and 
30K, according to the fluid and operating conditions. 
Three types of organic Rankine cycle for the selected 3 ORC fluids which belong 
to the category of dry working fluids have been modelled: 
Type I: saturated cycle, 
Type II: cycle with superheating, 
Type III: cycle with subcooling. 
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Figure 3.8 Organic Rankine cycle with IDE 
These three types of cycles are further described below: 
• Type I cycle: 
This type of aRC is shown in the T-s diagram in Figure 3.9. The working fluid 
leaves the condenser as saturated liquid (state point 1). Then it is compressed in the 
pump to evaporator pressure (state point 2) with isentropic pump efficiency( llpump ,/S). 
After that, the fluid is heated at constant pressure and achieves the cycle maximum 
temperature (state point 3) till it becomes saturated vapour. Then it enters the turbine 
and expands to state point 4 where it reaches as superheated region with isentropic 
turbine efficiency (llturb,lS). In the end of the cycle, the working fluid enters the 
condenser and removes heat at constant pressure till it becomes a saturated liquid 
(state point 1). 
• Type II cycle: 
This type of aRC is represented in the T-s diagram in Figure 3.10. The state point 
1, 2 and 4 are same as Type I cycle. The working fluid is heated from state point 2 till 
it becomes saturated vapour and thereafter it is superheated (state point 3). Type B 
cycle will be referred as 'superheating' because 'state point 3' is in superheated state. 
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• Type III cycle: 
This type of ORC is represented in the T -s diagram in Figure 3.11. The process 
steps in this cycle are similar to Type I cycle with only difference that the state point 1 
lays in the compressed liquid region. Type III cycle will be referred as 'sub-cooling' 
because the temperature of state point 1 is below the saturation temperature. 
With each of the three types of ORC shown in Figure 3.9- Figure 3.11, state 
points 2a and 4a are used to denote the potential presence of an IHE. 
4 
Entropy 
Figure 3.9 T -s diagram of Type I cycle 
Entropy 
Figure 3.10 T-s diagram of Type II cycle: with superheating 
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4 
EntroDV 
Figure 3.11 T -s diagram of Type III cycle: with subcooling 
The thennal efficiency of each type of ORC (Type I, II or III) can be calculated by 
using equation (3.6) providing that the actual enthalpy of the ORC at each state point 
is used in the calculation. Other efficiencies of the CHP system can also be calculated 
with the above listed simplifications and assumptions. The actual equations involved 
in the calculations of efficiencies for the basic ORC configuration (Figure 3.4) may be 
different from those for the ORC configuration with IHE (Figure 3.8). All of the 
relevant equations needed for the modelling will be detailed in the next subsection 
(3.5.3). 
The saturated and superheating/subcooling routines created for the modelling dealt 
with (i1TIHE ); if such variable was set to 0 K, there was no Internal Heat Exchanger in 
the cycle: this meant that no special routine was needed to simulate the use of the IHE. 
Three different modelling routines were created to model each of the three types of 
ORC. 
In the configurations with superheating and subcooling, the number of processes 
is the same as in the saturated configuration; however, for computational reasons, 
different routines for superheating and subcooling had to be created. In fact, for the 
saturated configuration, the software needs, as input value, not only the fluid saturated 
pressure (or, alternatively, the temperature), but also the quality x of the liquid/vapour 
mixture at states 3 and 1 (x= I and x=O respectively). In the superheating and 
subcooling configurations, on the other hand, the state of the fluid is solely 
detennined by its pressure and temperature. 
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In all types of routines. a simple "pinch-point type" analysis, based on the 
temperature profiles of the two sides of the heat exchanger, has been carried out for 
the two sides of the condenser. The minimum temperature difference between the two 
sides was set to 5 K. In a real application, a low temperature difference across the two 
sides of a heat exchanger means that a very large heat exchanger may have to be used 
for effective heat transfer. The simple analysis adopted with this modelling 
determines the flow and the outlet temperature ofthe cooling fluid used in the thermal 
process of the CHP (in this case, the water to be used as the domestic hot water supply 
or space heating). 
3.5.3. Modelling of the proposed micro-CUP with a real ORC 
As pointed out above, a real organic Rankine cycle will be different from that of 
an ideal organic Rankine cycle (shown in Figure 3.5). In this section, Figure 3.12 
illustrates the deviation of a real ORC from the ideal ORC, as a result of the presence 
of the various irreversibilities in the cycle processes. However, fluid frictions and heat 
losses to the surroundings are the two common sources of irreversibilities. 
T 
4 
s 
Figure 3.12 Deviation of a real ORC from the ideal ORC 
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Fluid frictions cause pressure drops in the evaporator, the condenser, and the 
piping between various components. As a result, the working fluid leaves the 
evaporator (state point 3) at a somewhat lower pressure than state point 3s. Also, the 
pressure at the turbine inlet is somewhat lower than that at the boiler exit due to the 
pressure drop in the connecting pipes. The pressure drop in the condenser is usually 
very small. To compensate for these pressure drops, the working fluid must be 
pumped to a sufficiently higher pressure than the ideal cycle calls for. This requires a 
larger pump and larger work input to the pump. 
A. Pumping process: state point I-state point 2 
T 
s 
Figure 3.13 Irreversibility with the ORe fluid pumping process 
In the pumping process, the pressure of the fluid, at a liquid stage, is increased 
from the minimum process pressure to the maximum process pressure (Figure 3.13). 
On the T -s diagram. the state point 1 and state point 2 representing the state points 
before and after the pumping are very close and located in the same isobar. To 
enhance the clarity, all the vertical distance between states 1 and 2 on the T -s diagram 
of Figure 3.13 is greatly exaggerated. 
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The pressure at point 1 is the fluid saturated pressure corresponding to the given 
condensing temperature; similarly, the pressure at point 2 is the fluid saturated 
pressure corresponding to the given evaporating temperature. As mentioned in above 
section 3.51, the pump has an isentropic efficiency (TJpump .Is) of 85%. The deviation 
of actual pump work from the isentropic one can be accounted for by utilizing 
isentropic efficiencies, defined as: 
Wpump ,lD 
1Jpump = w pump 
Therefore the work input required by the pump is defined by: 
Wpump 
Wpump ,1D 
11 pump ,IS 
(3.9) 
(3.10) 
W pump ,ID is the ideal pump work if the process were isentropic. The ideal pump 
work is calculated as the enthalpy flow difference between points 2s and 1; the fluid 
entropy (see Figure 3.13) and mass flow rate (it is a closed cycle) at state 2s is the 
same as at state 1 : 
(3.11 ) 
rh is the ORC mass flow rate here and h2 and hi indicate the enthalpy values at 
state 2 and 1 respectively. 
The work done by the pump increases the enthalpy h of the fluid; therefore: 
(3.12) 
B: Heating/Evaporation process (state point 2 - state point 3 for basic ORe 
configuration (Figure 3.4) & state point 2a - state point 3 for ORe configuration 
with IHE (Figure 3.8) 
For the proposed micro-CHP system shown in Figure 3.2, the heat to drive the 
CHP is supplied by combusting biomass in the boiler. However, the modelling of 
combustion and heat transfer inside the biomass boiler is beyond the scope of the 
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thermodynamic modelling of ORC described in this chapter. Instead, the heat for the 
ORC is assumed to be transferred from the hot water generated from the biomass 
boiler to the working fluid in the evaporator. The evaporator considered with the 
modelling can be a series of heat exchangers. A Pinch Point analysis (Saleh et al. 
2007) for the evaporator has not been carried out because the temperatures on the 
boiler side of the evaporator have been assumed to be much higher than those on the 
ORC side; thus, the changes in heat transfer rates are considered to be negligible. Also, 
for the sake of simplicity, no pressure losses have been accounted for in the 
evaporator, although small pressure losses do occur in reality. 
The amount of heat supplied to the evaporator is defined as( Qevap ). It is dictated 
by the efficiency of the boiler and the heat losses within the evaporator which have 
been taken into account, as shown below. The use of compact heat exchangers such 
as SWEP's stainless steel copper-brazed heat exchangers in the actual experimental 
system is expected to avoid the excessive heat losses. As specified in section 3.5.1, 
the biomass boiler efficiency is set to 85% and the evaporator efficiency is 96%, 
therefore the amount of heat that is supplied to the evaporator can be calculated as 
follows: 
Q evap = Q boiler ,nominal • TJ boiler • TJ evap (3.13) 
The heat supplied by the hot water side increases the enthalpy of the working fluid 
but the initial enthalpy of the working fluid at the inlet of the evaporator depends on 
the ORC configuration. In the basic ORC configuration as shown by Figure 3.4, the 
organic working fluid comes from the ORC feed pump (without IHE) and hence, 
(3.14) 
Whereas in the configuration with IHE as shown by Figure 3.8, the organic 
working fluid comes from the internal heat exchanger (i.e. recuperator) and therefore, 
Qevap = rh . (h3 - hza ) (3.15) 
The organic working fluid can exit the evaporator as either saturated vapour or 
superheated vapour. For modelling purposes, the boiler thermal input (Qboiler), boiler 
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thennal efficiency ('7boiler ) and the evaporator heat lost factor are assumed to be 
constant as specified in Table 3-3, therefore the heat supply rate for the evaporation of 
organic working fluid (Qevap ) is also constant but the organic working fluid mass 
flow rate em) in the ORC loop will depend on not only the ORC types (shown in 
Figure 3.9- Figure 3.11) but also the ORC configurations, i.e. if IHE is used. 
C. Turbine expansion process: state point 3 - state point 4 
In this process, the working fluid vapour at state point 3 enters the ORC turbine, 
where it expands to produce mechanical energy or shaft power which can be 
converted to electricity by connecting the turbine to an electric generator (e.g. an 
alternator). The ORC vapour pressure drops from the maximum process pressure to 
the minimum process pressure during its expansion in the turbine. The expansion 
process of the working fluid vapour in the ORC turbine is non-isentropic process 
which is characterized by the turbine's isentropic efficiency specified as a constant 
(85%) in Table 3.3. There is also some energy loss with the conversion of the 
turbine's mechanical energy or shaft power to electrical energy by the alternator, with 
the conversion efficiency assumed to be 90% (Table 3.3). 
If (Wturb ,1D) is used to denote the ideal work output of the turbine with an 
isentropic expansion process, then the actual work output of the turbine can be 
calculated as: 
Wturb = Wturb ,ID • TJturb (3.16) 
where (TJturb ,IS) is the turbine isentropic efficiency. The electrical output from 
the turbine/alternator combination, (Wei) is the, product of the actual turbine work 
output, and the alternator efficiencY(1]alt). 
Wei = Wturb • TJ alt (3.17) 
The isentropic expansion process of the organic working fluid is described by the 
T -s diagram of Figure 3.14. The ORC fluid entropy and mass flow rate at state point 
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4s are the same as those at state point 3. Therefore, the ideal work output of the ORC 
turbine, (WWTb ,1D) can be calculated as: 
4 
Figure 3.14 Irreversibility with the turbine expansion process 
(3.18) 
The actual work output or the mechanical energy of the turbine produced by the 
working fluid vapour expansion in the turbine can be related to the working fluid 
enthalpy drop and mass flow rate as follows: 
(3.19) 
As only dry working fluids are considered by the modelling study of this project, 
the working fluid at the exit of the ORC turbine, i.e. after the expansion in the turbine, 
state point 4, will always be within the superheated vapour region. 
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D. Condensing process: state point 4 - state point 1 for basic ORC configuration 
(Figure 3.4) & state point 4a - state point 1 for ORC configuration with IHE 
(Figure 3.8) 
In this process, the working fluid vapour is condensed in the condenser, and useful 
heat is recovered by an open loop cooling water system. Counter-current flows 
between the hot side fluid and the cold side fluid are beneficial to the heat transfer 
process between the fluids and therefore are adopted for all heat exchangers including 
the evaporator, the condenser and the recuperator. Cold water from the main water tap 
which is assumed to be at 13°C (as measured) enters the condenser at the same end as 
the outlet of the ORC fluid, whereas the heated tap water exits at the same end as the 
inlet of the ORC fluid. 
Because the temperatures on the two sides of the condenser heat exchanger are 
similar and the temperature difference between the hot side and the cold side cannot 
be too small, otherwise very large number of plates would be needed to complete the 
required heat transfer. A simple Pinch Point analysis (Saleh et al. 2007)of the 
temperature profiles with the condenser heat exchanger is carried out with the 
assumed the minimum temperature difference between the two sides of the heat 
exchanger, (ll Tpp), fixed at 5K in the model. Figure 3.15 illustrates the temperature 
profiles of the condenser heat exchanger for ORC with subcooling. The heat transfer 
from the hot side (the ORC fluid side) to the cold side (the cold water side) of the 
condenser takes place in three phases: 
(1) A sensible heat transfer when the ORC fluid vapour is in the superheated 
region (state point 4 - state point 5 for the basic ORC configuration, Figure 
3.4 or state point 4a - state point 5 for the ORC configuration with IHE, 
Figure 3.8). The steady-state energy flow heat transfer equation for each of the 
two ORC configurations are as follows: 
For the basic ORC configuration (Figure 3.4, without IHE): 
rh . (h4a - hs) . TJcond = rhwater • (hlO - h9) (3.20) 
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For the R configurati n \: ith IH (Figur 3.8): 
(3.21) 
Where (rhwater ) i th cooling water flo rate of the conden er. 
(2) A latent heat tran fer wh n the ORC fluid i condensed (state point 5 - state 
point 6 . Th heal tran fi r quation i : 
(3.22) 
(3) A en ible heat tran fer when the OR fluid is further cooled (from the 
saturated liquid tate point 6 to ubcooled liquid state point I). The heat 
tran fer equation i : 
(3 .23) 
Hot ORC fluid I ORC fluid 4(4a) 
side inlet 
1 -~ ~ 6 5 
OJ 
"-
:J 1 
+J Heat water co ORC "-
OJ outlet 0. outlet E 
~ ~
Cooling water 8 
inlet 7 Cold water 
side 
Position in the condenser 
Figure 3.15 Temperature profiles of the two sides of the condenser 
(OR with subcooling) 
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Figure 3.1S illustrates the temperature profiles of the condenser for organic 
Rankine cycles without subcooling. The heat transfer from the hot side (the ORC fluid 
side) to the cold side (the cold water side) of the condenser takes place in two phases: 
(1) The sensible heat transfer when the ORC fluid vapour is in the superheated 
region. The same equations as (3.20) & (3.21) shown above can be used to 
calculate the energy balancelheat transfer. 
(2) The latent heat transfer when the ORC fluid is condensed. The associated heat 
transfer equation is: 
(3.24) 
With each of the equations 3-21 to 3-24, the left-hand side of the equation is the 
heat released by the ORC fluid, while the right-hand side is the heat received by the 
cooling water. The total heat released by the ORC (Qcond) and total heat received by 
the cooling water (Q cw) in the condenser is the sum of the corresponding heat 
transfers in all phases. 
Although the efficiency of the condenser is not going to be the same during the 
different phases, it seems acceptable to assume an average efficiency value of 98% 
(see Table 3.3). 
The cooling water outlet temperature (point 10 in Figure 3.1Sand Figure 3.16) can 
be obtained from the previous equations as other temperature points in Figure 3.1Sand 
Figure 3.16 are fixed by either assumption or ORC fluid property predictions. 
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Figure 3.16 Temperature profiles ofthe two sides of the condenser 
(OR without subcooling) 
E. Internal hea t e changer ([HE) (State point 2 - state point 2a and state point 4 
_ state point 4a, Figure 3.8): 
The Interna l Heat x hanger recuperate h at from the ORC fluid after the turbine 
outlet whi h i in th up rheated apour tate and relea es it to the ORC fluid after 
the OR fluid pump which i in th liquid tate ( ee Figure 3.8). The temperature 
difference aero ide i a umed to be ufficiently large and therefore no 
pinch point analy i ha been carried out. The indu ion of an IHE will lead to a slight 
decrea e in th Y t m ( HP) efficiency because additional heat losse from 
the Internal Heat hanger ar xpected. However, the u e of a compact heat 
exchanger uch a a w II-in ulat d WEP compact heat exchanger will minimize th 
heat los e . 
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Under steady-state conditions, the mass flow rate (rh) of the working fluid on 
both sides of the internal heat exchanger is the same and therefore the heat transfer 
equation for the IHE is simply the following: 
(3.25) 
F. System efficiencies 
The heating efficiency of the CHP system is defined as the ratio of the heat output 
(via the cooling water loop of the condenser) to the nominal heat input of the biomass 
boiler: 
17th Q boiler ,nominal 
(3.26) 
The electrical efficiency of the CHP system is defined as the ratio of the electrical 
output to the nominal heat input of the biomass boiler: 
17el - Q boiler ,nominal 
Wel- W pump (3.27) 
The overall CHP efficiency is defined as the total energy output (heat plus 
electrical) divided by the nominal heat input of the biomass boiler. This is equivalent 
to the sum of the heating efficiency and the electrical efficiency: 
170v 
QHS+Wel-Wpump ~ ~ ~ - ' - - - - = 17th + 17 el 
Q boiler ,nominal 
(3.28) 
The organic Rankine cycle efficiency of the basic ORC configuration (Fig.3.4) is 
calculated by equation (3.7), whereas for the ORC configuration with IHE, equation 
(3.29) must be used: 
(h3- h 4)-(hZ-h l) 
llRank - h3-h Za 
(3.29) 
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3.6. Thermodynamic Modelling Results and Discussion 
This section presents and discusses the results of thermodynamics modelling 
studies of the proposed micro biomass-fired CHP system with organic Rankine cycle 
(ORC). Three environmentally friendly refrigerants, HFE7000, HFE7100 and n-
pentane have been modelled as the ORC fluids. It is worthwhile to reiterate the main 
aims of the modelling were to investigate the effects of changing operating conditions, 
recuperating heat with the IHE, superheating and subcooling the organic working 
fluid on the performance of the proposed micro-scale CHP system. Particular 
attention has been given to the electrical efficiency of the micro-scale CHP system as 
low electrical efficiency is one of the main problems for micro-scale biomass-fuelled 
CHP systems(Dong et al. 2009) 
3.6.1. Effect of changing operating conditions 
Different operating conditions ofthe proposed micro-scale CHP system with ORC 
have been modelled. In particular, a range of evaporator temperatures and condenser 
temperatures have been modelled with all three ORC fluids (HFE7000, HFE7100, n-
pentane): 
Evaporator temperatures: 100°C, 110 °c, 120°C, 130°C, 140°C 
Condenser temperatures: 20°C, 30 °c, 40°C, 45 °c, 50°C 
Figures 3.17 - 3.19 show the electrical efficiency (1] el) of the proposed biomass-
fired micro-scale CHP system against the ratio of the condenser temperature to the 
evaporator temperature (the ratio of the heat sink temperature to the heat source 
temperature), for the three ORC fluids, respectively. These modelling results were 
obtained with Type I cycle only (i.e. no superheating or subcooling) but with both the 
basic ORC configuration (Figure 3.4) indicated by 'no IHE' and the ORC 
configuration with IHE (Figure 3.8) indicated by 'IHE = 10°C'. For each ORC fluid, 
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the predicted electrical efficiency of the CHP system decreases with the ratio between 
the condenser temperature and the evaporator temperature with both temperatures 
expressed as absolute temperatures in Kelvin. This is as expected if we recall the 
maximum theoretical efficiency, the Camot efficiency, of a heat engine: 
1 T lnin TJcarnot = - -T-
mnx 
(3.30) 
Where (T min) denotes the temperature on the steam side of the condenser(Te) of 
the ideal Rankine cycle; and (T max) denotes the average temperature of heat addition 
at the evaporator(T E)· 
The comparisons of the predicted ORC efficiencies (1JRank) with the Camot 
cycle efficiency (1JCarnot ) are shown in Figure 3.20 with HFE7000 as the ORC fluid, 
in Figure 3.21 with HFE7100 as the ORC fluid, and in Figure 3.22 with n-pentane as 
the ORC fluid, with the condenser temperature fixed at 293K, 303 K, 313 K and 323 
K. These figures show that the predicted ORC efficiency is well below the Camot 
cycle efficiency for each of the ORC fluids. However, the ORC efficiency decreases 
as the evaporator temperature decreases (if Te is fixed, a decrease in TE means an 
increase of Tc/Td, but not linearly. 
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Figure 3.23 - 3.25 ho\\ that \: ith cvaporator temperatures fixed at 373 K, 383 K, 
393 K and 413 K. thc H P y tem lectrical efticiency decreases almost linea rl y as 
the condcn ' cr tcmperature increa C ' (if T E i fixed, an increase in T c means an 
increa e ofTc-T \:- ). a xp ctcd . 
The compari on of thc predi ted ORC efficiencies (l1 Ran k ) with the Carnot cycle 
efficiency ( ll carnot ) ar hown in Figure 3.26 - 3.2 with the evaporato r temperature 
fixed at 31" K, 393 K and 413 K, for each of the three inve tigated ORC fluid s. Once 
aga in , Figure 3.26 - "'.2 ho that the predicted ORC efficiency is well be low the 
Carnot cycle ftlcicnc for each of the ORC fluid. They also show that the ORC 
efficiency decrca e almo t linearl a the condenser temperature increases (if T E i 
fixed , an increa e in T mean an incr a e of T ciT E), imilar to the Carnot cycle 
efficiency. 
O. 125 
O. 120 
>-. O. 1 15 
() 
§ 0.11 0 
() O. 105 
= 0. 100 
C) 
0. 095 
cO () 0.090 
...... 
;... 
~ ~ O.08f> 
Cll 
- O. OHO 
c; 
e:: O. 07S 
o. 
• 
o. 
•• 
o o 
--- Te=373K, 
.. ·0 .. Te=373K, 
Te=383K, 
. .. {:,. .. Tc=383K, 
~ ~ Te=393K, 
Te=393K, 
Te=413K, 
.. -0 .. Te=413K 
' 0 
o IHE 
IHE=10K 
No IHE 
IHE=10K 
No [HE 
I IIE=lOK 
No ]HE 
IHE=10K 
u 0.070 
0. 005 ~ ~ . - ~ . - ~ - r ~ - ' ~ ~ ~ - - ~ ~ ~ ~ ~ ~ ~ ~
0.70 O. 7 ~ ~ 0. 71 0.76 0. 88 
Figure 3.23 liP electrical efficiency v . T c/T E (fixed T E, HFE7000) 
104 
Te=373K. No IIIE 
O.I:.!O 0 Te=373K. lIlE= IOK 
0.11:1 
• 
Te=383K. No II IE 
. ·6 Te=383K. IHE= IOK 
> . 0. 110 <,; ~ ~ Te=393K, I liE 1 0 u 
>4-. 6 c 0. 10;; • Te=393K, IIIE= IOK CJ , , 
u 0. 100 ~ ~ n Te=4 13K, 0 IIiE . ~ ~ , , 
._-<> .- Te=4 13K UIE= IOK '-' • ~ ~ ~ A " , ,'-' 0.09:1 c; 
'(> 
- O. OYO fJ :;: 
• u f:;. " .- 0.0 ,1 :.... 
u O. 0 0 .. CJ :0 , 
~ ~
'6. c; 0. 075 
c.... ~ ~
G 0.070 
'0 
0.Oti5 
O. 060 
O. 70 O. T.!. 0.7 1 O. 76 O. 7 0. 80 0.82 0. 81 0.86 0.88 
\ / TI 
Figure 3.24 HP electrical effici ency v . T ciT E (fixed TE, HFE7100) 
O. J I 
O. I : ~ ~
>. 
u O. 12 
c 
CJ 
'- O. II :..l 
'--' 
-
O. 10 
CJ 
2:' 0.09 
.-
.::: 0.0 
:.... 
-' 
~ ~ 0.07 
n. 06 
u 0. 05 
O. 01 
Te=383K, no 1HE 
0 Te=383 K, lIlE= IOK 
6 Tc=393K, no lllE 
• 
" 
6 T =393K, 111E= 10K 
6 ~ ~ Tc=413K, no THE 
• Te=413K I HE=10K oJ 
.. A..: 0 
0. 70 O. 7 ~ ~ 0.7 1 0. 76 0. 7 O. 0 0. 82 0. 84 0. 86 O. 8 0. 90 0.92 0. 94 
T/ T1 
Figure 3.25 C HP electrica l efficiency vs. T ciT E fixed T E n-pentane 
105 
D. :\0 -IE- Tc=373 K, Carnot 
; 
-D- Tc=373K, no TH E 
o. :z Te=373 K, I IIE=10K 
1$1 T Te=393K, Carnot O. Lh 
>-. V Te=393 K, no THE u 
c: 0.21 ... Te=393K, JlIE= LOK u 
u 0.2L ~ ~ Te=4 13K, Carnol . ~ ~
'-
-<>- Te=413K, no THE 
'-
u 0.20 Te=4 13K IIIE=lOK 
-' m 
0 O. I c: 
r.... 
cC O. 10 ::....> 
-0 
c: O. II cC 
::....> 0.12 a::: 
0 
O. to 
0. 0 ' 
O. 70 0.72 0.7 1 O. 76 O. 7 O. RO O. 82 0. 81\ 0.86 0.88 
T / T l I 
Figure 3.26 OR and Carnot efficienc. vs. T ciT E fixed T E, HFE7000) 
O. :30 
0.28 
0.26 
>-
u 
c 0.2<1 u 
.,.... 
u 0. 22 ....... 
'-
'-
u 0.20 
-' 
:J O. IS c 
r.... 
cO O. 16 u 
-0 
C O. t 1 :c 
u O. 12 0::: 
0 
O. to 
0.0 
O. 70 
• 
O. 72 O. 74 O. 76 O. 7 
m 
-IE- Te=373 K, 
-D- Te=373K, 
Te=373K, 
Te=393K, 
Te=393K, 
... Te=393 K, 
~ ~ Te=4 13K, 
-<>- Te=413K, 
Tc=413K 
Carnot 
no lH E 
IIIE=10K 
arnot 
no THE 
JHE=lOK 
Carnot 
no lHE 
IIIE=lOK 
O. 0 0. 82 0.84 0.86 O. 
Fjoure 3.27 OR and Carnot efficiency vs. Tc/TE (fixed T E, HFE7100) 
106 
o. ~ ; ;
0.2ti 
0.2:> 
> . 0.2 1 
:J 
c O.2:l CJ 
:J O. 22 
. ~ ~
0. 21 '-
'-
CJ O. 20 
-' 0.1 9 c 
c D. I !-
r: 0.1 7 u 
-.:J 0.1 6 c 
O. I:> 
u O. II 5 
O. 1:3 
0. 12 
O. II 
., 
0. 73 0. 7 1 0. 75 0.76 0.77 0.7 
T/ T1 
-:E- Tc=393K, 
-D- Te=393 K, 
---- Te=393K, 
<1' Tc=413K, 
I Te=413K, 
• Te=41:3K 
Carno l 
no IIIE 
IIIE=l OK 
Carnot 
no 1I1 E 
IHE= LOK 
Figure 3.28 ORC and Carnot efficiency vs. TclT (fixed T E, n-pentane) 
The re ult hown in Figur .., . 17 to 3.2 indicated by 'IHE = 10 DC repre ent the 
modelling re ult of the OR Ie with the lntemal Heat Exchanger (Figure 3.8) 
will be further di cu ed latcr in thi ection. It can be observed from Figures 3. J 7 -
3.2 ifthc temperature ratio i kept at the arne value, the CHP ystern and the organic 
Rankine cycle with a low r operating temperature would have a higher electrical or 
ORC efficiency. Thi . i mainly due to the fact that fluid perform differently over 
different temperature range and low r operating temperature have lower heat los es 
from the o mponen t of the tem . 
Ithough I eonden er temperature have been u ed in the model , some of the 
conden er t mp raturc may prove to b too low . SecaLi e of the minimum pinch 
point temperatur differ neT pp (Figure 3 . 14-3 . 15), the outlet temperature of the 
cooling water to bud for heating i al 0 detelmined by the conden cr temperature. 
Table 2.4-2.6 h w the ooling wat r outlet temperature. It can be een from these 
tables that thc cooli ng water outlet temperature mainly depend on the conden er 
temperature and to a I11L1 h I degree n the e aporator temperature. It can also be 
een that he oo ling water outlet t mp rature are too low for any heating purpose if 
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the condenser temperature is set at 293K. Results in Figures 3.17 - 3.28 already 
showed that lower temperature ratios between the condenser temperatures and the 
evaporator temperatures are needed for higher electrical efficiencies and ORC 
efficiencies. Therefore, to generate higher electrical outputs, and at the same to 
produce useful thermal energy for heating, the proposed micro-CHP system needs to 
have the hot water supplied at high temperatures and the condenser operating at 
temperatures higher than at least 30 - 40°C. 
The proposed micro-scale biomass-fired ORC-based CHP system of this project 
uses hot water generated in the biomass boiler, instead of thermal oil which is used by 
medium to large-scale biomass-fired ORC-based CHP systems (Oliver 2006) to 
deliver heat to the evaporator of the ORC. However, if the temperature of the hot 
water to be generated by the biomass boiler is higher than 373 K, then pressurised 
water is needed. This can be achieved by using suitable boiler heat exchanger and 
evaporator materials to cope with the required high pressure operation. The required 
hot water temperature is expected to be higher than the evaporator temperature 
modelled which ranges from 373 K to 413 K. Similar simple pinch analysis to that of 
condenser can also be applied to the evaporator but this has not been included in the 
present thermodynamic modelling. 
Table 3.4 Cooling water outlet temperature (Type I Cycle, no IRE, RFE7000) 
Working fluid Tevup [K] Tcond [K] Tcond out [OC] 
HFE7000 373 293 15.53 
HFE7000 383 293 15.61 
HFE7000 393 293 15.67 
HFE7000 403 293 15.73 
HFE7000 413 293 15.8 
HFE7000 373 303 27.93 
HFE7000 383 303 28.38 
HFE7000 393 303 28.79 
HFE7000 403 303 29.23 
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HFE7000 413 303 29.59 
HFE7000 373 313 39.84 
HFE7000 383 313 40.32 
HFE7000 393 313 41.48 
HFE7000 403 313 41.46 
HFE7000 413 313 42.99 
HFE7000 373 323 51.15 
HFE7000 383 323 52.4 
HFE7000 393 323 53.65 
HFE7000 403 323 54.76 
HFE7000 413 323 55.92 
Table 3.5 Cooling water outlet temperature (Type I Cycle, no IHE, HFE7100) 
Working fluid Tevav [K] Tcond [K] Tcond _out [Oe] 
HFE7100 373 293 15.69 
HFE7100 383 293 15.79 
HFE7100 393 293 15.88 
HFE7100 403 293 15.98 
HFE7100 413 293 16.07 
HFE7100 373 303 28.82 
HFE7100 383 303 29.48 
HFE7100 393 303 30.02 
HFE7100 403 303 30.59 
HFE7100 413 303 31.23 
HFE7100 373 313 41.33 
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HFE7100 383 313 42.4 
HFE7100 393 313 43.62 
HFE7100 403 313 44.74 
HFE7100 413 313 45.93 
HFE7100 373 323 53.43 
HFE7100 383 323 54.82 
HFE7100 393 323 56.54 
HFE7100 403 323 57.7 
HFE7100 413 323 60.3 
Table 3.6 Cooling water outlet temperature (Type I Cycle, no IHE, n-pentane) 
Working fluid Tevap [K] Tcond [K] Tcond out [0C] 
n-pentane 373 293 15.29 
n-pentane 393 293 15.38 
n-pentane 413 293 15.46 
n-pentane 373 303 26.63 
n-pentane 393 303 27.17 
n-pentane 413 303 27.69 
n-pentane 373 313 37.75 
n-pentane 393 313 38.78 
n-pentane 413 313 39.77 
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3.6.2. Effect of Internal Heat Exchanger 
The results shown in Figures 3.17 to 3.28 indicated by 'THE = 10°C represent the 
modelling results of the ORC cycles with the Internal Heat Exchanger which 
recuperates heat from the ORC fluid which is in the superheated vapour region and 
releases it to the ORC fluid which is in the liquid region. With the inclusion of athe 
IHE, heat that would be released in the condenser is used to pre-heat the ORC fluid 
after the pumping process. The variable controlled in the thermodynamic modelling is 
the temperature drop in the warm side of the internal heat exchanger. The values for 
the temperature drops in the IHE always refer to this parameter. Therefore, 'IHE = 10 
DC, indicates that the heat transfer between the hot ORC fluid vapour and the cold 
ORC fluid liquid has resulted in a temperature drop of the hot ORC fluid by 10°C. 
The value for the temperature drop lies within 0 K (no IHE) and a maximum value 
depending on the organic Rankine cycle operating conditions and types (I, II, III). 
The IHE leads to higher electrical efficiency and ORC efficiency. But it does not 
lead to an increase in the overall CHP efficiency as the heat released in the condenser 
is assumed to be used for heating purposes and not wasted. Because there is a small 
heat loss from the IHE, the addition of the IHE will actually result in a slight decrease 
of the overall CHP efficiency. 
Figures 3.17 - 3.28 have showed that the inclusion of an IHE (with a temperature 
drop of 10K) always leads to increases in the electrical efficiency of the CHP system 
and ORC efficiency. The explanation to this observation can be found from the 
definitions of the CHP system's electrical efficiency and ORC efficiency. Because the 
enthalpy increase between state points 2a and 3 is smaller than that between state 
points 2 and 3, whereas the heat supply from the biomass boiler is kept at a constant 
level, a greater mass of ORC fluid can be circulated in the CHP system. The increased 
mass flow rate of the ORC fluid means that a greater amount of work is done by the 
ORC fluid in the turbine, therefore more work output and hence more electricity is 
produced. With an increased flow of ORC fluid, more pump power is required to 
pump the increased mass flow of ORC fluid, but this additional pump power input is 
far smaller than the resulting extra work output. Because the heat input from the boiler 
is kept constant, this means an increase in the CHP system's electrical output. 
III 
Figures 3.25 - 3.27 show the change in the system electrical efficiency over the 
temperature drop in the internal heat exchanger with selected operating conditions for 
the three fluids. It can be clearly seen from these figures that decreasing the condenser 
temperature and/or increasing the evaporator temperature increase the CHP system's 
electrical efficiency. 
Figures 3.27 - 3.29 show that the increase in the electrical efficiency of the CHP 
system over the temperature drop in the IHE follows an almost linear pattern. The 
electrical efficiency increase rates, which can be defined as the percentage increase of 
the efficiency per degrees of temperature drop, of HFE7000 and HFE7100 are similar 
and slightly higher than with n-pentane; however, when n-pentane is used as the 
working fluid, the electrical efficiency is the highest amongst the three ORC fluids 
modelled. The increase in the electrical efficiency of the CHP system as a result ofthe 
inclusion of the IHE lies between 0.4-0.5% per 10K of temperature drop in the IHE 
for the three fluids modelled. 
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3.6.3. Effect of superheating 
The reason for why superheating is a parameter often considered in the Rankine 
Cycle analysis, is that wet fluids (such as steam) might need superheating to avoid 
condensation in the turbine. Condensation of wet fluids in the turbine is detrimental to 
the turbine blades which are usually rotating at high speeds and hence can be 
damaged by the liquid droplets. However, in this project, the effects of superheating 
the fluids are somewhat expected to be known as the three selected ORC working 
fluids are dry fluids. As explained in Section 3.3.3, the slope of the saturated vapour 
line of each of the three ORC working fluids is positive; therefore after the expansion 
in the turbine, the ORC working fluid will always be in superheated vapour region. 
Therefore, superheating of the working fluid is not needed for the reasons of safety 
regarding the turbine as there will be no liquid drops to be fonned in the turbine 
which can cause damage to the turbine blades. In addition, the modelling results in 
Figures 3.32 -3.34 show that superheating has negative effects on the CHP system's 
electrical efficiency for any of the three investigated ORC working fluids. This means 
that when HFE7000, HFE7100 or n-pentane is used as the ORC fluid, superheating is 
detrimental to the ORC efficiency, which is in agreement with Saleh et al. (Saleh et al. 
2007)who found a decrease of the thennal efficiency by superheating dry fluids. As 
the heat output from the biomass boiler is kept at a constant level with the modelling, 
superheating the ORC working fluid means reducing the ORC working fluid mass 
flow rate in this case. Since the superheating process is carried out along the isobaric 
curve, the pressure difference across the turbine will be the same and the increase in 
the enthalpy drop between the turbine inlet and outlet will be small. Therefore, the 
total turbine work output will decrease due to the decreased fluid mass flow rate. With 
a constant boiler output constant, the electrical efficiency of the CHP system will 
decrease. The results in Figures 3.28 - 3.30 indicate that the same detrimental eftect 
of superheating on the CHP system's electrical efficiency can be observed for the 
basic ORC configuration (Figure 3.4) and the ORC configuration with IHE (Figure 
3.8). Therefore, it can be concluded that superheating dry ORC fluids is not only 
unnecessary but also detrimental to the electrical efficiency. 
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3.6.4. Effect of sub-cooling 
Subcooling means that the ORC fluid is not only condensed to liquid in the 
condenser but also further cooled down to a temperature below the saturation 
temperature of the condenser, corresponding to the minimum operating pressure. This 
procedure is often used to avoid damage to the ORC fluid pump, which requires the 
ORC fluid to enter as a liquid, rather than a mixture of liquid and vapour. As it is 
virtually impossible to achieve the saturated liquid state, subcooling the fluid by a few 
degrees can be used to ensure that no vapour enters the pump. 
However, subcooling the ORC working fluid has a negative effect on the 
electrical efficiency of the CHP system, as demonstrated by Figures 3.31 - 3.33. 
When the ORC working fluid is subcooled, the enthalpy of the fluid after the pumping 
process become smaller, this means that the enthalpy difference across the evaporator 
increases, more thermal input is needed to raise the ORC fluid to the state point 3, 
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and con equen tl y a maIler tluid ma flow rate of the ORC working fluid i used as 
the total thenlla l input from the bioma boiler i fixed . As the pressure difference 
acros the turbine r ma in the ame and 0 is the turbine work output per kg of the 
ORC working flui d, the HP t m electrical efficiency decreases. The re ult in 
Figure 3.3 5 - 3.37 indicate that the ame detrimental effect of subcooling on the 
eHP system ' s lectrical efficien y can be observed for the basic ORC configuration 
(Figure 3.4) and th OR configuration with IHE (Figure 3.8). Therefore, it can be 
concluded that although ubcooling the ORC working fluid is necessary for the 
protection of the OR fluid pump, ubcooling will lead to lower electrical efficiency 
and hence hould be minimi d. 
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3.6.5. Effect of ORC working fluid 
Due to the di fferent properties, the selection of the ORC working fluid is expected 
to have a great influence on the predicted electrical efficiency of the proposed micro-
scale CHP system. Comparisons of the predicted electrical efficiencies with the three 
selected ORC working fluids are shown in Figures 3.38 - 3.39. 
The comparisons were made with the predicted CHP system's electrical efficiency 
against the evaporator temperature, with the condenser temperature fixed at 303 K and 
323 K, respectively. The cycles selected are the Type I cycles (i.e. the saturated cycles) 
with IHE (temperature drop in the IHE was set to 10 K). From Figures 3.38-3.39, it 
can be seen that n-pentane achieves the best efficiency in all cases; HFE71 00 shows a 
marginally better efficiency than HFE7000 only at very high operating temperatures 
(condenser temperature set to 323 K, evaporator temperatures greater than 430 K), 
although it has the advantage oflower fluid pressures (see Table 3.7). 
Generally speaking, under the same modelling conditions, the predicted ORC 
efficiency follows the following order: n-pentane> HFE7000 > HFE7100. Therefore, 
n-pentane would be suggested as the ORC working fluid for the experimental 
verification of the proposed micro-scale CHP system of this project, providing that the 
flammability issues are recognized and that fire safety measures are in place. 
Considering that the fire safety regulations are very strict in a domestic environment 
which is the intended target area of applications for the proposed biomass-fired micro-
scale CHP system ivestigated with this project, the use of the second-best fluid, 
HFE7000 is hence recommended (and has been adopted in the actual experimental 
testing). HFE7100 shows a better electrical efficiency than HFE7000 at the highest 
evaporator temperature modelled (433K) and therefore it could be used as the 
preferred ORC working fluid if the biomass boiler can supply hot water with a 
temperature higher than 443 K (a temperature difference of at least 10K between the 
hot side and the cold side of the evaporator is assumed to be necessary). 
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Because the enthalpy of vaporisation is higher for n-pentane, the fluid mass flow 
rate, as compared with the other two fluids, is going to be substantially lower. 
However, the work done by the pump in the cycles with n-pentane is similar to that 
done by the pump with HFE7000 and HFE7100. This means that a higher enthalpy 
difference exists across the pump for the cycles with n-pentane due to the fluid 
characteristics. Looking at the values of the fluid mass flow rate and electrical energy 
produced, it can also be deduced that there is a much higher enthalpy difference 
across the turbine in the case of n-pentane. This is confirmed by data in Table 3.7 
(The number 2 indicates the fluid state before the evaporation, while 4 and 5 indicate 
the state before and after the turbine, respectively). The favourable characteristic that 
makes n-pentane the most effective fluid amongst the ones selected, is the high 
enthalpy difference across the isobars corresponding to the saturated pressures of the 
evaporator and the condenser; it can be said that the enthalpy of n-pentane rises more 
than the other fluids as the temperature or pressure increases. 
Table 3.7 Comparison of enthalpy and pressure differences across the turbine 
Working Tcond Tevap m h[2] h[4] h[5] P[4] P[5] 
Fluid [0C] 1°C] [kg/s] [kJ/kgl [kJ/kg] [kJ/kg] [kPa] [kPal 
HFE7000 303 393 0.07989 81.94 286.2 257.1 1042 83.82 
HFE7000 323 393 0.08959 104 286.2 265.3 1042 166.8 
HFE7100 303 393 0.08265 59.23 256.7 230.2 504.2 34.15 
HFE7100 323 393 0.09346 82.07 256.7 237.6 504.2 72.42 
n-pentane 303 393 0.03241 11.11 514.6 437.5 904.3 82.62 
n-pentane 323 393 0.03581 58.83 514.6 458.7 904.3 159.8 
However, the pressure difference does not playa key role indeed as Table 3.7 
shows (evaporator temperature set to 393 K, condenser temperature set to 313 K) that 
HFE7000 has the highest pressure difference, followed by n-pentane and HFE71 00. 
The higher enthalpy of vaporisation of n-pentane also explains the system 
behaviour, with regard to the electrical efficiency. In Section 3.6.2 it is observed that 
the increase in efficiency due to the IHE for n-pentane is smaller; In Section 3.6.3 and 
3.6.4 it is observed that the decrease in efficiency due to superheating and subcooling 
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is also lower. Because n-pentane has a high enthalpy of vaporisation, the reduction (in 
the case of IHE) and increase (in the case of superheating and subcooling) in enthalpy 
difference across the evaporator are proportionally smaller in comparison with the 
other two fluids. 
3.7. Conclusions 
The proposed biomass-fired micro-CHP system with organic Rankine cycle has 
been thermodynamically modelled with three selected dry organic working fluids, 
namely HFE7000, HFE7100 and n-pentane. The modelling results show that the 
electrical efficiency of the micro-CHP system depends on not only the modelling 
conditions but also the ORC fluid. A comparison of the three fluids shows that n-
pentane exhibits the best electrical efficiency, follows the following order: n-pentane > 
HFE7000 > HFE71 00. But as n-pentane is a flammable fluid, the use of n-pentane in 
a domestic Micro-CHP system might not be straightforward. Consequently, HFE7000 
is recommended as the preferred working fluid of the proposed micro-CHP system for 
the experimental testing stage. HFE7100 can yield a better efficiency than HFE7000 
at the highest modelled evaporator temperature (433K) and therefore if the biomass 
boiler can produce a hot water with a minimum temperature of 443K, HFE7100 can 
be used as the preferred ORC working fluid for experimental testing. 
The modelling results also show that using an Internal Heat Exchanger improves 
the CHP electrical efficiency. An IHE will increase the system electrical efficiency, 
whilst keeping the overall efficiency nearly the same. Under the system operating 
conditions assumed in the model, the efficiency curve almost follows a linear pattern; 
the efficiency increase can be estimated to be 0.4-0.5% for every 10K of temperature 
drop in the internal heat exchanger. The increase rate for n-pentane is slightly lower 
than those for HFE7000 and HFE7100. 
Superheating has a negative effect on the predicted electrical efficiency. As only 
dry fluids are to be used with the proposed micro-CHP system, superheating is not 
required for safety reasons with regard to turbine blades. The additional heat input 
required for superheating does not increase the pressure difference across the turbine, 
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and therefore the work output will almost the same as that with no superheating and 
hence leads to a lower electrical efficiency. 
Subcooling is used to prevent vapour from going into the pump; therefore a low 
degree of subcooling is acceptable. However, subcooling the working fluid has a 
negative effect on the system electrical efiiciency, for the same work output in the 
turbine, more heat is needed to bring the fluid to the evaporator temperature. 
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Chapter 4. Experimental Set-Up for the 
Investigation of the Proposed Biomass-Fired ORC-
Based Micro-CUP System 
HFE7000 and HFE7100 have been selected as the ORC working fluids for the 
experimental testing of the proposed biomass-fired micro-CHP system described in 
Chapter 3. Although the results of thermodynamic modelling detailed in Chapter 3 
have indicated that n-pentane is a better ORC working fluid than either HFE7000 or 
HFE71 00 as far as the CHP system's electrical efficiency is concerned, no guarantee 
of safety regarding the flammable n-pentane which may be leaked via various 
components of the experimental CHP system including the turbine, ORC fluid pump, 
connecting pipes etc. has led to the exclusion of this potentially efficient ORC fluid 
for experimental testing. The setup and components of the operating CHP system with 
ORC for this project are to be detailed in this chapter. 
A range of laboratory experiments were carrying out In the University of 
Nottingham with the following objectives: 
• to prove the feasibility of the proposed biomass-fired micro-CHP system 
with ORC; 
• to evaluate the electrical efficiency of the micro-size biomass-fired Organic 
Rankine cycle system with varying operating parameters; 
• to investigate gas emissions of the biomass boiler under different CHP 
operation modes; 
• to provide experimental data or trends for compansons with those of 
thermodynamic modelling describe in Chapter 3. 
In order to improve the system performance, the selection of the different 
components of the CHP system requires advanced technical assessments to identify 
the most suitable technologies that can be easily modified if necessary and integrated 
into the CHP system. Different operating conditions of the CHP system with the 
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organic Rankine cycle need to be taken into account when selecting the technologies 
and components of the CHP system. 
This chapter starts with a brief review of previous experimental investigations on 
biomass-fuelled micro-CHP and ORC, followed by an overview of the experimental 
setup, experimental procedures and detailed descriptions of the main components of 
the experimental CHP system. 
4.1. Previous Experimental Investigations on Biomass-Fuelled 
Micro-CUP and ORC 
The following gives a brief review on the experimental investigations of micro-
CHP operating on biomass energy and/or organic working fluids for different 
applications. 
G. Friedl et al.(Friedl et af. 2009) have developed Wood pellet combustion units 
as a comfortable, full automatic and low emission solution for the provision of space 
heating in small scale applications. The thermoelectric power production method was 
chosen from a number of technologies and the first development step was the 
implementation of a Prototype with a fuel heat input of 10 kW and a nominal 
electrical power of 200 W. The central point of the implementation was the 
integration of a thermo-generator in a pellet combustion unit and the subsequent 
evaluation of the system concept. The integrated system implemented in the prototype 
confirms the feasibility of the combination of these technologies. The electrical 
efficiency of the thermo-generator was found to be in accordance with the target value 
of 4%, corresponding to a produced nominal electric power of 200 W. 
The Viking gasification plant at the Technical University of Denmark(Ahrenfeldt 
et al. 2006) was built to demonstrate a continuous combined heat and power operation 
of a two-stage gasifier fuelled with wood chips. The nominal thermal input of the 
gasifier is 75 kW. The operation validate that the Viking two-stage gasification CHP 
plant can be operated at stable conditions, continuously, and unmanned. The plant 
produces a gas with a very stable composition suitable for gas engine operation. 
Multiple measurements of the tar content, carried out by three independent groups, 
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showed that only minor amounts of naphthalene (0.1 mglNm3) could be detected in 
the raw producer gas. The energy balance for the plant shows a fuel to gas efficiency 
of 93%, a gas to electricity efficiency of 29%, and an overall wood to electricity 
efficiency of 25%. 
An ORC has been designed and tested by Yamamoto et al.(Yamamoto et af. 2001). 
The ORC system has been designed to operate with low-grade heat. The working 
fluids tested are HCFC-123 and water. The experimental test bench was composed of 
a shell-and-tube heat exchanger for the condenser, electrical heaters for heat 
generation, and an impulse micro-turbine designed for the study. The maximum cycle 
efficiency was 1.25% with HCFC-123. This poor efficiency is due to the poor 
efficiency of the turbine prototype. A micro-CHP system driven by solar and natural 
gas has been installed and tested for a small-scale application. Two fluids, HFE-301 
and pentane, were considered as potential working fluids for this system. Results 
show that HFE-301 performed better than pentane in terms of actual electrical 
efficiencies, i.e.7.6% and 5%, respectively. The prototype was composed of: 
evacuated glass tube (Thermomax Ltd), brazed-plate heat exchangers (condenser and 
boiler), an electrical pump with an explosion proof motor was used for HFE-301 and a 
double diaphragm pump for pentane. The turbine/generator was designed to deliver 
1.5 kWel, the operating rotation speed was 60 000 rpm, and propelled by the radial 
flow of vapour. 
4.2. An Overview of the Experimental CHP System Setup and 
Testing Procedures 
4.2.1. An overview of the experimental CUP system 
The experimental setup of the proposed biomass-fired micro-CHP system with 
ORC of this project is overviewed in this section and the general testing procures are 
explained. The overall aim of the experimental programme is to setup and evaluate a 
first of its kind biomass-fuelled micro-scale CHP system with organic Rankine cycle, 
particularly the capability of the CHP system to generate electricity. During the 
experimental testing period of the project, a number of available improvements have 
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been perfonned with each component in order to achieve better system pertonnance 
and efficiencies. The experimental micro-CHP system can be divided into several 
parts according to their functions: 
• Biomass combustion unit which mainly includes the biomass fuel, the 
biomass boiler, and the flue gas analysis system; 
• Electricity generating system which mainly includes the micro-turbine, 
the alternator and the electric output circuit; 
• Heat exchangers and Pumps; 
• Data acquisition system. 
The details of the main components of the experimental micro-CHP system will 
be described in the following sections of 4.3 - 4.6. The initial setup of the 
experimental micro-CHP system was based on the experiment setup of Daminao 
(Daminabo Ferdinand 2009), in which a 9kW electric boiler was applied to drive a 
micro-CHP system. For this work, the original experimental setup of Daminabo (2009) 
has been greatly modified and expanded. Almost every component of the original 
electric boiler derived system has been replaced during the experimental testing 
period, for example two biomass pellet boilers (25 kW and 50 kW) were used to 
replace the 9kW electric boiler. In addition, more components such as gas analysis 
system have been added into the experimental system. The improved experimental 
system has much greater capacity than that of Daminabo (2009) and is a truly 
'biomass-fired micro-CHP with ORC' experimental system. 
The current experimental micro-CHP system is schematically shown in Figure 4.1. 
Some components may differ from those shown in Figure 4.1 during the experimental 
testing period that last for two years as replacements and improvements to various 
components of the system happened at different times during the experimental testing 
period. 
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A test rig photo of the micro- HP system dri ven by the 25 kW biomass pell et 
bo il er i shown in Figure 4.2 . The 25kW biomass pe ll et bo il er wa in tail ed in a log 
cabin out ide of the main lab where the electli city generating system, heat exchangers 
and pumps and da ta acqui it ion system are located (Figure 4.3 ). Hot water generated 
by the biomas boiler wa connected into the micro-C HP sy tem loca ted in the main 
te ting laboratory. A number of thel1llocoupl es and pressure transmitters are 
connected in the hot water loop and refri gerant loop, as hown in Figure 4 .2. 
Figure 4.2 Photo of the micro-C HP system driven by the 25 kW biomass 
bo iler housed in the main testing laboratol'Y 
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Figure 4.3 Photo of the 25 kW biomass pellet boiler housed in a log cabin 
outside the main testing laboratory 
After the te ting pha e with the 25 kW biomass pell et boi ler, a 50 kW biomass 
peIl et boiler wa u ed to drive the micro-CHP system as shown in Figure 4.4. The 50 
kW biomas pellet boiler can not only upply more heat to the micro-CHP system but 
also can supply the hot water at higher temperature than the 25 kW biomass pell et 
boiler a will be deta iled later in thi chapter. During the testing pha e with the 50 kW 
bioma pellet boiler, more DC bu lb were connected into the miero-CHP sy te rn ' 
electrical circuit a the power generated by the micro-CHP sy tem was much greater 
than that achieved with the 25 kW biomass boiler. Both of the 25 kW and 50 kW 
bioma s pellet boiler w re de igned and manufactured by Ashwell Engineeri ng 
Service Limited( hwell Ltd) with fUliher information given in the next ection of 
thi chapter. 
F lue ga compo ition and m1 Ion of the boiler were monitored by the gas 
analy i sy tem , al a to be detailed in the ne t section, during these two phases of 
test . 
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Figure 4.4 Photo of the CH P sy tern driven by the 50 k\" biomass boiler-
4.2.2. An ove rview of th e te ting procedures 
Each te t tart with the au tomati c tart-up of the bioma boiler after etting up 
the required hot wat r temp rature at the boil r control panel which can be as hi gh a 
120 ° fo r the 25 k bioma boi ler and 140 °C for the 50 kW bioma s boil er. Wood 
pell et are bUllled in the ombu ti n fu lllae of the boiler to heat up the wa ter ia a 
hot water heat exchanger located in ide the boil er fu rnace. Once the hot water 
temperature reache th et alue, the te ti ng of the CH P Y tem can be tarted. Fir tly, 
the refrigerant pump i \i itched on with a given I ad which can b changed from 1 % 
to 100% of th pump capacit ia the pump load control box. The load of the HF E 
pump re tri t the h at energ tran felTed into the HF loop and hence the rotation 
peed of the turbin . During a te t, th pump load can be teadil y increa ed, whi ch 
re ult in in rea e in th turbi ne I' tat ion peed and the power output of the CH P 
y tem. If moi ture f R fl uid i een by the ight gla at the in let of the turbin , 
thi mean the heat en rg reeei ed fr m the aporator and uper heater ( upplied by 
the hot water of th bioma b ill') cannot match the need of H FE fluid va pori ation. 
T hen th H P t ting an be topped . On the other hand , if the OR fluid pump load 
I '" I 
is too low, the heat supplied by the hot water of the biomass boiler would exceed the 
required heat of the HFE fluid vaporisation. In this case, the HFE fluid can become 
greatly superheated which would reduce the CHP system's electrical efficiency 
according to the thermodynamic modelling results described in Chapter 3. In addition, 
the biomass boiler would stop burning once its set hot water temperature is reached 
and would not start burning again until the hot water temperature is 2 °c below the set 
point. Matching the demand and supply of heat has always been tried with each test 
but not always successful. 
During each test, all of the measured process parameters, such as pressures, 
temperature, flow rates and output data such as the overall voltage and current of the 
electrical loads are recorded by the data acquisition system (to be described in section 
4.6). 
Once a scheduled test is completed, the biomass boiler is switched off but the HFE 
working fluid pump is kept on for some time with reduced loads so that the residual 
heat of the biomass boiler can be dissipated for safety reasons. Similarly, the hot 
water pump will not be switched off until the next day. 
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4.3. Bioma C mbu tion Unit 
4.3.1 Wood pellet bo il r 
ccording to the t}1Jc ' of fuel harging, the bioma s combustion boiler can be 
divided into t\-\'o categori : tho e \ ith di continuou /manual fue l chargi ng and those 
with automatic fuel ' harging. For mi ro-CHP y tern, the di continuous/manual fuel 
charging b iler arc vcr) 111 Ol1\'em nt to the u er and hence mo tl y di regarded. 
Ideally, mi cr - HP tcm u ed in re idential and mall commercial buildings 
hould opcrat in full automat d m de which can keep running for a long period 
without th n cd of u r int rv ntion . Th re are many commerciall y ava il abl e small-
cale and micr - al bioma uitable for in tegrati on with the proposed 
m icro- HP 
bum a arict 
efficienc and 10 
proJ ct. The boi ler are u uall y very effic ient and can 
f bioma a wood pell et and wood chips with high 
Figure 4.5 T h 25kW wood pe llet bo iler and its fuel hopper and combustion 
furnace 
I 3 
Two wood pellet boiler (25 kW and 50 kW) manufactured by a UK company -
Ashwell Engineering en'ice Ltd( hwell Ltd) are u ed in this study. The Ashwell 
Green-tee erie of dome tic bioma boilers are highly efficient automat ic bo il ers 
with the overall net efticien y in exee of 5%. They atisfy the current EU 
regulation (E I "03-05) on the emi ion of domestic biomass boilers . Figure 4.5 
show the 25k wood pellet boiler with it integrated fuel hopper and eombu tion 
furnace. 
Figure 4.6 Control panel of the 25kW wood pellet boiler 
The 25 kW boiler ha the apabilitie of auto-ignition and automatic control of the 
hot water temp ratur via it control panel Figure 4.6. The 25 kW boiler was 
originally de igned to upply hot water for dome tic heating purpo es and therefore 
the max imum hot water temp rature wa et at 95 0 . Thermodynamic modelling 
re ult hown in hapt r ha e how d that higher water temperature would lead to 
the micro- HP tem ha ing higher el tlical efficiency. Therefore, ideally the 
boiler hould uppl the h t water at temperature a high as po ible. After 
di cu ing with th manufa tur of th boiler - hwell Engineerin g Service Ltd , it 
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wa und r to d that the pI" ure Ie ling of the boiler's integrated water heat 
exchang r \Va. 'ondu ted at .., bar (gauge pre ur) and therefore, in theory, the boi ler 
hould be able to supply hot \Vat r at a rna imum tempera tu re carre ponding to 
water b iling pint at 3 bar (gaug pre ur ) wh ich i about 143 °C. But afety to the 
boiler and the mor importantly t the per nnel wa a major eoncel11 to the boiler 
man ufac turer and the r " 'ar ' h team member of the project. Eventuall y, modifi cation 
had b en made t the boiler' control panel a that the bo iler could upply hot water 
with thc maximum t mperature of 1_0 0c. 
Figure 4.7 T he 50 kW wood pellet boiler 
The 50 k bioma boi l r wa al de igl1 ed and manufac tured by A hwcll 
ngin ering rvl Ltd (Figure 4.7). In addi tion to ha ing a bigger capacity, the 50 
kW wa al 0 p citicall d ign d for the pr en! re earch project and the ma imum 
h t water temperature \ a d ign d to I 0 0 . But a will be hown in hapter 5, the 
maxim um hot ater t mpera!ure achi ed a much lower than the de igned value -
ab ut 140 ° nl . ain r a on ~ ~ r thi wa b lie ed to be the de ign of the heat 
exchanger. nother major d i f ~ ~ ren e \ ith the 50 kW boi ler i the air suppli e to the 
I 5 
combu ti on ('umace - combu tion air ha been plit to primary air and seco ndary 
uppli e to control the t<)nllation of ni trogen 0 , ide via the mechani m of air staging 
( I I M O c/o/. 20 I 0). 
Figure 4. 'how the detail of the 50 kW wo d pel let boil er fumace - the 
pri mary aIr 1 upplicd through the mall hole at the bottom of the fue l bed, wherea 
the eeondary ai r i upplied b the fo ur pipe above th fuel bed. 
Figu,"c 4.8 The 50 kW wood pellet boiler combustion fum ace 
Both the 25 kW and th 50 kW wood p lI et boiler are equipped with elf cleaning 
underfeed t ker a illu trat d in Figur 4.9. A h f0 n11ed from the combu tion proce 
i coll ected b th a h pan hi h i dire tl y b low the combu tion chamber a hown 
in Figure 4.1 O. 
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Figure 4.9 Confiouration of the boiler with self cleaning underfeed stoker 
Figure 4.10 A h collection pan of the 50 kW wood pellet boiler 
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After the hot water temperature is set to a desired value (e.g. 115°C), the boiler 
automatically starts its ignition and then increases its load to the designed value to 
heat the water. Once the hot water temperature reaches its set value, the boiler stops 
fuel feeding and air supply. When the water temperature drops by 2°C below the set 
value, the boiler will automatically start again-feeding the fuel and supplying the air. 
The air/fuel ratio was present at the commissioning stage although it could be adjusted 
anytime via opening or closing the air damper. 
4.3.1. Biomass fuel 
As pointed out in Chapter2, biomass has been used by human being for thousands 
of years and ranks fourth as a primary energy source worldwide currently. Biomass is 
C-based organic materials that stem from plants. Although biomass combustion 
releases some combustion pollutants, it absorbs C02 by photosynthesis when the 
plants grow up. Biomass is renewable due to the very little net C02 emissions to the 
atmosphere(Liu H. 2011). Owing to the low sulphur and low nitrogen contents of 
many biomass materials, substituting biomass for fossil fuels, particularly coal, can 
reduce SOx and NOx emissions. Compared with other renewable resources such as 
wind energy and solar energy, Biomass energy has a significant advantage of 
continuity and reliability. 
The calorific value of a biomass fuel varies greatly, depending on the fuel type 
and the moisture content. Apart from the calorific value, the ash content is also very 
important. Wood contains about 0.5% of ash; but straw contains up to 6% of ash. The 
difference in ash contents leads to different calorific values. Table 4.1 shows values 
characterizing biomass fuels including a comparison to coal(Strehler 2000). 
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Table 4.1 Typical analysis and calorific value of wood and selected biomass 
fuels 
Fuel 
Volatiles LHV Ash C 0 H N S 
(%) (MJ/kg) ( % ~ ~ (%) (%) (%) (%) (%) 
Straw 80.3 14.2 4.3 44 35 5 0.5 0.1 
Wood 85 15.3 0.5 43 37 5 0.1 
Charcoal 23 30.1 0.7 71 11 3 0.1 
Peat 70 13.5 1.8 47 32 5 0.8 0.3 
Mineral 26 29.5 1-15 
coal 73 5 
4 1.4 
The combustion process of a solid biomass fuel depends mainly on its moisture 
content and chemical characteristics as well as its calorific value and density. Solid 
biomass fuels often need to be dried, preferably using natural resources such as solar 
energy, in order to reduce the moisture content and ensure a good storage with little 
energy losses. Thus, biomass fuels with low moisture contents are the basis of a high 
combustion quality especially in small furnaces. Besides, combustion of biomass is 
also depending on the physical structure of the biomass materials. The physical 
structure of a biomass fuel can be influenced by different processing techniques, like 
milling, cutting, compaction, baling, or pelletizing. 
The biomass fuel used in this project is the wood pellets supplied by Balcas 
Limited (Balcas Ltd.). The wood pellets are made from nature wood without additives 
or artificial binding agents. During the pellet making process the natural resin or 
lignin present in the wood naturally moves to the surface of the pellet creating a 
protective coating which helps the pellet keep its structure (see Figure 4.11). The 
proximate and elemental analyses of the wood pellets are shown in Table 4.2. The 
wood pellets have been measured to have a diameter of 6 mm and a length of 5-20 
mm, and a calorific value 17 500 kJlkg. 
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Fig ure 4 . 11 Bri tes wood pelle ts 
Table 4.2 Proxi m a te a nd e lem en tal a nalyses of the w ood pe lle t s used in tes t s 
P roxim ate a nalys is (wt %, as I'eceived) 
M oisture A h Vola til e matter F ixed carbon* 
7.4 o. 7 .92 15.77 
Elementa l a na l se (wt % as received) 
c )I M As h 0 * 
47.40 .99 0 . 13 <0.1 7.4 O. 3 38.17 
* Bydiffcren 
4.3.2. Flue ga a n d fl ue oa a n a ly e r 
ombu ti n i the mo t mature con er ion techno logy u ed for biomas re ource. 
However, bioma om combu tion po ll utants uch a CO and 
Ox te., whi h need to be ntr Il ed(Liu e/ al. 2002). The chemical and phy iea l 
propertie of bioma fuel affe t not onl the combu tion characteli tic but also the 
eml Ion of anou p Ilutant uch a Ox, l Ox, 0 and paliiculates(Liu e/ al. 2003). 
Tabl 4._ ha ho\ 11 that bioma fu I contain much more olatiles than coal but 
have 10 en rg d n iti (i . . hating alu ). In an ideal ca , bioma ombu tion 
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hould repre en! th omplete ox idation of the olid organic pa rt of the biomass into 
the ga f CO , and H ~ O . . However, the actual biomas combustion proce s al 0 
re ult in the fomlation )f \ ariou pollutant ( 0, Ox, etc.). 
Th 'ombu tion of the wood pellet in the boiler furnaces of thi project i usuall y 
very table and trouble-fr e under normal operating condi tions . 0 vis ibl e smoke has 
been ob er ed from the chimney \ hen in nonllal operation (F igure 4 .1 2a). But there 
i some moking that can be c1earl een from the chimney when the boi ler is working 
in an -idle - tat, which mean the re id ual fue l i buming in the furnace with no 
forced air uppl y in the furna e after the pre et hot water temperature ha been 
reached (Fi gure 4. 12b). pointed in the above section, once th e hot water 
temperature of the boiler rea h it t va lue, the boil er stop both offuel feeding and 
air uppl y- I.e. entering the -idJ - pha e. When the wa ter temperature drops by 2°C 
below the et alue, th boil r will automatically start again-feeding the fu el and 
suppl ying the combu ti on air, ending the -idle' phase. 
Figure 4.12 Flue ga from the 25 kW wood pellet ch imney 
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Both of the 25 kW and ~ O O kW wood pellet bo iler u ed in thi project have been 
celiified to ati fy the un'ent E regulation (E 303-05) on the em iss ions of 
dome tic bioma boiler. Howe er, the certification on ly applies to the emiss ions 
under normal operation nditi on and does not apply to ' id le' conditions. During the 
experimental te ting period of thi project, the emi ion of the boil er have been 
cIa ely monitored und I' both normal operation and ' idle' conditions. 
There ar two ct of ga analyzer u ed in this project. One i the VS-3000 Multi-
component nalyzer, including a ga ampling unit , of Horiba Limited (HORIBA 
Ltd.) a ho\ in Figur 4 . 1" on the left and the o ther i the EL3000 continuous Gas 
Analy i of BB Limited ( BB Ltd.) a how in Figure 4. 130n the ri ght. 
Horiba NOx analyser 
\ 
Horiba gas sampling un 
Figure 4.13 Ga analyscrs 
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T he V -3000 Multi-component analyzer is the versati le gas ana lyzer tha t ha the 
capabl of measuring a wider election of ga component utili zing many di ffe rent 
types of se nsor technology. I on-d i persive infrared ( DIR) modul e arc ava il abl e to 
m easure ga c such a CO, CO2, O2, Ox , 20 , C H4 , S0 2 and o thers ga es. The 
actual module u ed in the cun"ent project is the Horiba VS-3000 chemilumine cent 
Ox analy er connected to a Horiba ga sampling unit fo r the mea urement of 
N O Oxem ission. 
The Horiba VS-3000 ampling unit ( Figure 4.13) is equipped with a gas sampling 
pump which is capable of providing two channels of ga sampl e fo r both gas 
analysers . The ma in compositi on of the flue gas (C0 2, 0 2, CO) was continuous ly 
m easured by the A BB EL3000 continuo us ga analyser equipped with a non-
di spers ive in frared (NDIR) gas photometer (U ras26) to measure C0 2 and CO , and an 
electrochemi cal cell to measure 0 2. The ABS L3000 anal yser's DIR photometer 
was also ca pabl e of measuring 0 continuo usly, and the measured va lues of NO 
between the ABB EL3000 analyser and the Horiba VS-3000 Ox ana lyser were fo und 
to be simil ar w ith a di fference in the o rder of 10 ppmv. 
\\ \ ~ r r
It r.l tilt'r \11)1 ·1--1 1 1 
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Figure 4.14 Schematic of the gas sampling and analysis system 
Figure 4. 14 how a schematic of the ga -sampl ing and analy i ystem. A 
s ta inle wa ter-cooled am pling probe wa made and u ed to ampl e flu e gases at th e 
exi t of the bo il er, i.e. at the inlet of the chi m ney after the water heat exchanger of th e 
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boiler. To protect the ga ' analy er . quartz wool wa placed at the inlet of the probe 
erving a the fir t baiTier of parti Ie , and a wat r trap and two further particle filters 
were al 0 u ed in th ampling line. 
. .c; I \ I ( 110. 
Figure 4.15 Calibration ga - 15% CO2 % & 0.15% CO 
Before the flue ga wa analy ed, the two analysers were calibrated . 0 2 was 
calibrated into 20.9 01 % with frc hair. 0 and C C ~ ~ were calibrated with a cylinder 
of calibration ga purcha ed from BOC pecia l Ga es (1500 ppmv CO/ 15.00 vol% 
0 2/nitrogen balan e) (Figure 4 . 15), and Ox and 0 were calibrated with another 
cylinder of calibration ga e purcha ed from BOC pecial ga e (150 ppmv nitric 
oxide/nitrogen balanc ) (Figure 4 . 16). Ambient air has been u ed to ca librate the zero 
point of 0 and CO, wherea the zero point of C0 2 and 0 2 ha been calibrated by 
the 0 ca libration ga . 
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I ... 1IJ11'111 
Fioure 4.16 Ca libration gas -150 ppm Nitric oxide 
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4.4. Electricity generating system 
The electricity generating system mainly consists of the ORC micro-turbine, the 
alternator and the electric output circuit. 
4.4.1. ORC micro-turbine 
The ORC turbine is a key component of the micro-CHP system, shown in Figure 
4.1, developed and evaluated by the present research project. A turbine is a kind of 
rotary machine which converts the kinetic energy in a stream of fluid (gas or liquid) 
into mechanical energy by driving the stream through a set of blades. However, as the 
micro-scale organic Rankine cycles are mostly working with low-grade heat resources 
which have low temperature and pressure, turbine expanders instead of the stearn 
turbines are often used. Various expanders can be used as the Rankine cycle turbines, 
such as turbines, screw machines, scroll machines and reciprocal piston engines,. 
Compared the two types of expanders, velocity-type (e.g. axial turbine expanders) and 
volume-type expanders (e.g. expanders, scroll expanders and reciprocal piston 
expanders), the latter are more appropriate to the micro-CHP units with ORC as they 
are characterized by lower flow rates, higher expansion ratios and much lower 
rotational speeds compared with the velocity-type expanders(Badami et al. 2009). 
Moreover, the volume-type expanders have an acceptable performance over a wide 
range of operations, such as work in two-phase conditions which may appear at the 
end of the expansion in some cases. 
However, market search proved that there were no commercially available micro-
scale expanders that could be used with the micro-CHP system with ORC of this 
project. After enquiries with industrial suppliers and discussions within the research 
team, modified air motors were selected for the micro-scale biomass CHP system with 
ORC in this project, as the expanders. Air motors are rotary vane machines originally 
designed to compress air and then drive the rotors. Compared with other expander 
concepts, the rotary vane expander has simpler structure, easier manufacturing and 
lower cost. But these air motors are not designed to work with organic working fluids 
and hence the leaking of the organic working fluid is a difficult problem to overcome 
when modified and used as the ORC expander. 
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Fr nt lew Back lew 
Figure 4.17 Non-lubricated air-motor as the ORC micro-turbine 
Figure 4.18 Lubricated air motors as the ORC micro-turbines (left - model 
8AM-FRV-2B, right - model l6AM-FRV-2) 
T he a ir motor that have been evaluated as the turbine ex pander of the micro- H P 
ystem in the project include a non-lubricated air motor (model L52- CW-2 : 4 
vanes, clock-wi e rotation) and two lubricated air motors (model SAM-F RV-2B - 4 
vane , rever ible and model 16AM-FRV-2: 6 vane , rever ible) fr0111 GAST 
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Limited(Ga t Ltd.). a how in Figure 4.1 - 4. 19. The operating data of these 
elected air motor arc Ii ted in below. 
The non-Iubri 'ated air motor wa mainly te ted with the 25 kW wood pell et bo il er, 
wherea the bigger lubricated air motor (model: 16AM -FRV-2) was mainl y te ted 
with the 50kW wood p lIet boil r. The mailer lubricat d ai r motor (model: 8A M-
FRV-2B) wa al 0 briefly te ted with the 25 kW wood pellet boiler but its te ting was 
aba ndoned after eriou leaking ofORC fluid wa found . 
Table 4.3 ir Motor Oper"ating Data 
odel 
W-2 2000 
AM-FRV-2B 2500 
16AM-FR -2 2000 
Output Power 
(hp/kW) 
2.5011. 6 
5.25/3,9 
9.517. 1 
Maximum Pre sure 
(bar, gauge) 
5.5 
7 
7 
The e air motor ha e been properly modified and carefully sealed up before 
connected into the miero-C HP system. The output power of the air motors are 
strongly depend on the r tation p ed and the suppl y a ir pressure, a show in Figure 
4.19 - 4.21 . It i clear! to ee that the o utput power ri ses s ignificantl y with the 
increa e of air motor p ed and th uppl y ai r pres ure. 
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Figure 4.19 Output Power v . Speed (model NL52-NCW-2) 
14 
6 4 
7.0 bar 
5 
a: 3 
UJ 4 ~ ~~ ~ ~ ~
a. 3 3: 2 UJ 0 
en ...J 
a: ~ ~0 2 :r 
O L - ~ ~ - - ~ - - ~ - - ~ ~ ~
o 500 1000 1500 2000 2500 
O L - - - ~ - - ~ - - ~ - - ~ ~ ~
o 500 1000 1500 2000 2500 
SPEED - RP (OU PU ) SPEED - RPM (0 PUT) 
Figure 4.20 Output Power vs. Speed (model SAM-FRV-2B) 
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Figure 4.21 Output Power v . Speed (model 16AM-FRV-2) 
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4.4.2. It rn a t r 
n alt'mator i an elc 'trome 'hani 'al dc \'i c that on CI1 mechanical nerg to 
e l trl al cncrg) 111 the fOl111 or altemating eun·en!. [n thi project, a re[iabl e, effi cient 
and inc p n ' i\ c altcmator i, n cdcd to \vork with the miero- ca le turbine a one of 
the k omp nents oCthe HP Ic'tri it g n rating y tem, Automoti ve alternators 
w er eho en b cau,'c of their b'T at a\ ail abilit . 10\ co t and a y co upling with the 
micr -turbin \ ia a pullc. and b [t a mbl , Four different kinds of alternator with 
ith the miero- HP y tem. 
Figure 4.22 Bo eh Iternator: 14V, 100 A (Icft) & 14 V, 140A (right) 
Figur 4.23 nipoint (12V, 100A) (Icft) and Pre tolite Alte,'nato,' (12V, 100A) 
(right) 
I 0 
he f()ur a l t < . : m a t o r ~ ~ that ha\' b en te. ted include two Bosch car alternator 
(8 0 h Ltd .) ( I ~ \ ' . . 100 1-+0 ) a hown in Figure 4.22, a Unipoint (Unipoint 
Ltd .) L T eric. 'ar alt mator (12 . 100 ) a hown in Figure 4 .220n the left and a 
pre tolite(Pre tolitc Ltd .) -+000 eri altcmator for emergency vehicles (12V, 200A), 
a hown in igure ~ . 2 2 o n n the right. 
The output pOv r of an alt mator obviou Iy depend ing on the altemator 
rotation P cd a illu trat d b Figure 4 .24-4.25. Figures 4.24-4.25 show that the 
cutting- peed. i . . the minimum alternator RPM when there is an output cutTent, of 
the altemator arc in the region f 00 - 1100 RPM . Therefore, the e alternator 
should op rale v ilh alt mator . RPM abo c their respective cutt ing-in speeds and 
ideally abo e :WOO - 000 RP . However, a ll the alternators tested were most ly 
w rking at low RPM (ju t abO\ e 1000 RP but well below 2000 R PM) as a re ult of 
rel ati el I \v turbin p d during the te t . 
-~ ~
-
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Figure 4.24 A ltern ato r S peed v . Output (Unipoint alternator) 
Figure 4.26 h the upling of the turbin and alternator of the micro-C HP 
y tern in the te ting lab rator . The turbine (on the right) i connected to the 
alternator ( n the left) b th pulley and belt a embly. 
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Figure 4.25 Altern ator peed v . Output (Pres tolite alternator) 
Figur-e 4.26 oupling of th e tu r bin e and altern a tor 
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4.4.3. Electric output circuit and load 
The micro-turbine drives an automotive alternator to generate DC current and 
voltage in this project. A proper electrical output circuit is needed to connect the 
electrical loads and provide a small amount of current for the excitation of the 
alternator. The alternator circuit diagram of this project is shown in Figure 4.27. The 
DK current transducer and voltmeter are connected to the datataker DT80 so that the 
transient current and voltage are recorded by computer. A set of the mechanical 
ammeter and voltmeter are used to indicate the current and voltage values during tests. 
To excite the alternator, the rechargeable electric cell (a car battery) was 
connected in the electrical circuit. Switch #2 is kept on at first, and then switch #1 is 
switched on. After the alternator gets initial magnetic field from the battery, alternator 
gets excited and the turbine/alternator rotation speed decreases sharply. If the 
turbine/alternator speed is high enough, i.e. higher than the cutting-in speed indicated 
by the alternator output and speed curves (Figures 4.24-4.25), the turbine/alternator 
will generate DC voltage and current continuously. 
DK current transducer Switch 
-r #3 , 
~ . . Switch 
#2 
Fuse 
+ V 
Alternator Battery + 
12V Loads 
Figure 4.27 Electric output circuit diagram for the micro-eHP 
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More cases fo r the state of the electric sw itchc are Ii ted in Table 4.4 . During the 
o peration, the aitelllator generates e lectri c ity a nd load can work propcrl y. 
Table 4.4 Excitation and power output of the alternator 
Switch name Switch #2 Switch #3 Switch # 1 Switch of load 
A lterna tor excitation On Off On off 
Battery charging On Off Off Off 
Load output Off On Off On 
Batter cha rging On On off On 
& load output 
Vario us load have been tlied with the experimenta l y tem d uri ng diffe rent stage 
of the te ts, uch as small fans of severa l wa tt, re i tances ( 150 Watt HS 150) , and 
fi na lly DC bulbs ( 12V 20W) as shown in Figure 4 .28 . The DC bulb were considered 
to be the best cho ice as they are not onl y visua l but a lso ea y to add on o r take off 
fro m the amount of loads. If all other ex perimenta l condition (e.g. the bioma bo il e r 
load , the ORC fluid pump load etc.) are fi xed, the total current o utput w ill increa e 
w ith the load but the voltage decreases. An optimal match of the current and vo ltage 
can lead to the max imum e lectri c power output a the e lectri c power o utput i the 
p roduct of the current and voltage. Figu re 4.29 show a photo of e lectri ca l genera ti on 
te t - the li gh t bulb of th e board are powered by the O RC mi cro-C HP y tern . 
Figure 4.28 HS150 resistance (left) and DC bulb (right) 
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Figure 4.29 Power generation test with DC bulbs powered by the ORC micro-
CHP system 
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4.5. Heat exchangers and Pumps 
4.5.1. Heat exchangers 
In addition to the heat exchanger in the biomass boiler which is an integrated part 
of the biomass boiler, there are four other heat exchangers used as the evaporator, 
superheater, condenser, and a recovery heat exchanger (named recuperator) as shown 
in the layout of the investigated system (Figure 4.1). The selection of these four heat 
exchangers takes into consideration the specific operating conditions of each heat 
exchanger. 
For all heat exchangers, compactness and high heat exchange coefficients are two 
essential criteria for their selection. The evaporator and condenser have to be able to 
hold high volumetric flow rates of working fluids that can be operating at different 
pressures. The recuperator is designed to transfer efficiently the heat from a working 
fluid in gas phase to a working fluid in liquid phase, having similar mass flow rate but 
different heat capacities and heat transfer coefficients. 
Compact heat exchangers (CHEXs) offer high heat transfer coefficients and large 
surface areas with a small size that making them to be the most suitable to the project. 
There are different technologies of CHEXs such as plate heat exchangers, plate-fin 
heat exchanger, micro-channel heat exchangers, etc. After taking the operating 
conditions, efficiency and cost into consideration, the brazed plate heat exchangers 
have been selected for the ORC micro-CHP system. 
Brazed plate heat exchangers consist of a pack of pressed-plate brazed together, 
thuS completely eliminating the use of gaskets, as shown in Figure 4.30. These heat 
exchangers have heat transfer capacities up to 600 kW. Plate materials are usually 
made of stainless steel. Copper brazed units are available for temperatures up to 
225°C and a maximum operating pressure of 3 MPa, 'but copper braze may produce 
an incompatibility with some working media. Nickel brazed units are available for 
temperatures up to 400°C and maximum operating pressures of 1.6 MPa. 
The brazed plate heat exchangers using in this project are chosen from SWEP 
Limited (SWEP Ltd.) and Alfa Laval Limited (Alfa Laval Ltd.): Evaporator - SWEP 
B25X30, Super heater - Alfa Laval CB76-30H, Recuperator - SWEP 
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B 120TH*60 1 p- and onden er - WE P B 120TH*8011 P- C- .(Figure 4 .30) 
how the recuperator. conden. r and evaporator connected in the CHP ex perimenta l 
y tem . 
.., 
Fioure 4.30 Brazed plate heat exchanger 
Recuperator . ~ . , . . .. ~ ~ Condenser 
Evaporator 
Figur 4.3 1 Recuperator, Con den er and Evaporator of the CHP system 
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4.5.2 . Pump 
A wide vari ty of pump i ava il able on the mark t and the ir selecti on depends on 
the applica ti on. Two kind of pump are need in the miero-C H P tes tin g of thi s project 
_ one fo r th h)t \\ ater loop and the other for the O RC wo rking fluid loop . 
Two ho t water pump ith different capaeitie have been used with the hot water 
loop, both manufactured b rundfo Li mited Germany(Grundfos Ltd .) and shown in 
Figure 4.32 - 4 .33 . The e P ene 200 pumps are canned-roto r type of circul ation 
pump , de ign d for circulation ofliquid in heati ng and air-conditio ning sy te rns. 
Figure 4.32 Grundfos UPS 32-80 hot water pump 
FioUl'c 4.33 Grundfo UP 40-120F hot water pump 
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The technical data f th P enc :WO pump are gi ven in Table 4.5 and Figure 
4 .34 
Table 4.5 T echnical data of the UPS Sede 200 pumps 
max 70 m3/h 
H ad max 18 m 
Liq uid temp - 10 °C to + 120 °C (Peak temp: 140 °C) 
Operate pre ure max lObar 
H (m] 
20 ~ - - ~ ~ ~ - - ~ ~ - - ~ ~ ~
2;--- -+---t--+-t----+-....... 
1 
2 6 810 20 o 6080 
Q [m 3/h] 
Figul"e 4.34 Water head vs . Flow I"ate 
The OR tluid pump hould be leaking p r o o t ~ ~ uitable fo r the pumping of the 
elected OR fluid and long time continuou operation. It hould al 0 be capabl e of 
providing the de ired lumetric flow ra te with th con·esponding pressure ratio and 
the required op rating outlet pre ure, id ally with low power con umption. AEG 
limi ted ( G Ltd .) pump "ere elected a th ORC fl uid pump fo r the micro-CHP 
te ting y tern a hown in Figure 4.3 - 4.36. The technical data of the AG ~ ~ pump 
are Ii ted in Tabl e 4.6. To pro ide ORC fluid pump load variat ion , a eparate ORC 
pump load control ha b en onnected to the O RC fluid pump power uppl y - the 
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OR fluid pump loau ' ontrol box an be een in Figure 4.29 (the blue box below the 
D bulb) . 
F i g u u ~ ~ 4.35 EG AM 7 1 Z BA ORC fluid pump 
Fiou,"c 4.36 AG 1\1 80Z BA ORC fluid pump 
Tabl 4.6 Tc hnical data of the GE pumps 
11 
'I ype k\ li P min-I 
50% 75% 100% 
0.75 2 0 57.0 64 .0 7 1.0 
1.1 I. 72 .1 75.0 75.3 
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4.6. Data acquisition and precision 
Data acquisition is an essential part of any experimental investigations. The whole 
micro-CHP test rig of this project is equipped with various measuring transducers and 
displaying meters. Table 4.7 shows the list of main categories of instrumental 
measurements of the experimental test rig: standard K-type thermocouples, pressure 
transmitters, voltage, current, flow meters and gas analysers. All measured parameters 
except the few manually recorded (e.g. RPM of the turbine, boiler load and flow rate 
ofORC fluid) are recorded by a computer via a data logger. 
Table 4.7 List of main instrumental measurements 
Name Description Unit 
Water pressure at the evaporator inlet bar 
Water temperature at the evaporator inlet °C 
Hot water loop Water pressure at the superheater outlet bar 
Water temperature at the superheater outlet °C 
water volumetric flow rate 11m 
HFE pressure at the superheater outlet bar 
HFE temperature at the superheater outlet °C T 
HFE pressure at the turbine inlet bar 
HFE temperature at the turbine inlet °C 
HFE loop HFE pressure at the turbine outlet bar 
HFE temperature at the turbine outlet °C 
HFE pressure at the recuperator inlet bar 
HFE temperature at the recuperator outlet °C 
HFE pressure at the receiver vessel inlet bar 
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HFE temperature at the receiver vessel outlet °C 
HFE volumetric flow rate 11m 
Cooling Water temperature at the condenser inlet 
°C 
system Water temperature at the condenser outlet °C 
Alternator output voltage V Alternator 
output power Alternator output current Amp 
Tables 4.8 - 4.10 show the detailed specifications of the main parameter sensors -
thennocouples, pressure sensors, current and voltage meter. Where possible, these 
sensors have been directly calibrated (e.g. thennocouples by using boiling water) or 
cross-checked with other types of sensors (e.g. pressure sensor against mechanical 
pressure gauge, current and voltage meter against mechanical current and voltage 
meters). 
Table 4.8 Detailed specifications of standard K-type thermocouples 
Thermocouple type 
Temperature measurement range 
Accuracy - Class 1 
+Ve arm 
- Ve arm 
W ire diameter 
TypeK 
-40°C to + 1 100°C (operating temp=-SO°C 
-200°C) 
±1.5 between -40°C and 375 °C 
±0.004xT between 375°C and 1000 °C 
Nickel/Chromium 
Nickell Aluminium 
O.2mm 
Table 4.9 Detailed specifications of pressure transmitters 
Model 
Output Span 
Output Zero 
Non Linearity, Hysteresis & 
Repeatability (NLH) 
Compensated Temp Range 
RS pressure transmitter,O-40bar 4-20mA 
16mA±0.5% 
4mA ±O.S% of span 
±O.1 % of span (best fit straight line) 
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1 hcmlal/ern hill 
T hennal pan hln 
Lo ng I cnn tahdlt) 
Loop Resistance 
o to I OO°e, ±O.O 1° ° of pan I °C 
<-O°C & > I OO°e, ±O.O 15% span I °C 
:r0.01 :°0 reading oC typica l 
0. 100 12 mo nth typica l 
1. 1 k n max la 2Vdc supp ly 
Table 4. 10 Detail d pecification of digital-multimete.' 
ac : ± I % ;dc : ±O. 2% 
AT [[I 1000V, CAT rv 600V 
Indust ria l 
ac : ±0.7% ;d : ±0.05% 
The data loggcr - DataTakcr DT 0 (DataTaker Ltd .) u ed in the project is a smart 
data I gger that provid an e i e an·a of feature allowi ng it to be u ed acros a 
DataT aker DT 80 has onl y 12 di g ita l channel, a w id ari e t of app lication . 
compatibl cx t n ion (DataTa kcr M20) wa connected with DataTa ker DT80, as 
hown in Figu re 4 .37 , 0 that to gether they could provide enough digita l channel 
needed for th m a ur m nt Ii t d in Table 4.7 . 
Fi ure 4.37 DataTaker DT80 (left) connected with its compatible extension 
module CEM20 (right) 
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4.7. Conclusions 
This chapter has presented the mam features of the equipment used in the 
experimental investigation of the proposed biomass-fired micro-CHP with ORC and 
the processes of test operations. Each of the following main components of the 
biomass-fired micro-CHP system with ORC has been introduced and discussed: 
• Biomass combustion unit which mainly includes the biomass fuel, the 
biomass boiler, and the flue gas analysis system; 
• Electricity generating system which mainly includes the micro-turbine, 
the alternator and the electric output circuit; 
• Heat exchangers and Pumps; 
• Data acquisition system. 
Experimental results obtained with the experimental micro-CHP system described 
in this chapter will presented and analysed in the next chapter. 
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Chapter 5. Experiment Results and Discussion 
5.1. Introduction 
In the previous chapter, the experimental set-up and system components were 
described. This chapter presents the results and analysis of the tests conducted during 
the period between Jan 2009 and July 2010. A total of over 50 CHP tests had been 
conducted during the above period in order to evaluate the performance of the 
biomass-fired micro-CHP system with ORC. These tests were conducted with two 
different wood pellet boilers which can operate with different maximum hot water 
temperatures, various turbines and alternators. The electrical efficiency and CHP 
system overall efficiency have been calculated for different operating conditions. 
Besides, the flue gas emissions of the two biomass boiler under are also analysed and 
presented in this chapter. 
The 25kW wood pellet boiler system operated with the non-lubricating turbine (as 
shown in Figure 4.17) to drive the Bosch alternator (12Volts, IOOAmps, as shown in 
Figure 4.22) is selected as a good example of the CHP test with this particular boiler. 
The results of another test with the same boiler, turbine but a different alternator 
(Prestolite Alternator, 12Volts, IOOAmps, as shown in Figure 4.23 were also 
presented for comparison. The flue gas emissions of the 25 kW wood pellet boiler 
have been analysed qualitatively and quantitative. A noticeable characteristic of the 
25kW boiler testing system was that the heat produced by the boiler was more than 
that could be absorbed by the refrigerant loop as a result of small heat exchangers 
being used as the evaporator and the superheater at the time. Consequently, the boiler 
stopped burning when reaching the setting water temperature and re-started burning 
after the hot water temperature dropping by 2°C below the setting water temperature. 
This led to some unstable and significantly fluctuating measured parameters such as 
water temperatures, flue gas compositions and emissions etc. 
The 50kW wood pellet boiler system operated with the bigger lubricating turbine 
(Figure 4.18) to drive the Bosch alternator (14 Volts, 140Amps, as shown in Figure 
4.22 is selected as a good example of the CHP test with this bigger boiler. The testing 
results with the same combination of boiler and turbine but with a different alternator 
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(Prestolite Alternator, 14Volts, 200Amps, Figure 4.23) were included for comparison. 
The flue gas emissions of this boiler have also been analysed qualitatively and 
quantitatively. For the micro-CHP system tested with the 50kW boiler, the heat 
produced by the boiler could be matched and absorbed by the refrigerant loop during 
the main CHP and power generation tests - several modifications to the micro-CHP 
testing system had been carried out by the time including replacing the small heat 
exchangers with the large heat exchangers and replacing the 15mm diameter 
connecting pipes with 22 mm diameter pipes etc .. Therefore, the 50 kW wood pellet 
boiler worked continuously at the constant load and there were no obvious large 
fluctuations with the measured parameters. 
5.2. Experimental Results with the Micro-CHP System Driven by the 
25 kW Wood Pellet Boiler 
The test on 14 Sep. 2009 is selected as a good example of the 25 kW th biomass 
boiler-based CHP test as it produced the best power output in the test history of this 
biomass boiler. The non-lubricating turbine was applied on the system to drive the 
Bosch alternator (l2Volts, 100Amps) with the pulley diameter ratio of 1:2. 
Refrigerant HFE7000 was used as the working fluid with a flow rate measured to be 
up to 6.5kg/min. The initial setting of the boiler hot water temperature was chosen as 
11SDC but was later increased to 120DC during the CHP/electricity generation test as 
the moisture of HFE7000 was observed frequently at the micro-ORC turbine inlet 
observation glass window. The hot water flow rate was measured to be around 30.9 
I/min and the cooling water temperature from the tap was found to about 15.5 DC with 
a flow rate of9.0 lImin. 
The hot water flow rate is a key parameter for the calculation of the biomass boiler 
thermal output and hence the thermal input of the ORC loop. The mechanical flow 
meter for the hot water was calibrated by weighing collected tap water in buckets and 
the reading of the flow meter and linearity of the readings were considered acceptable 
as shown in Figure 5.1. 
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LPL MH waterflow meter reading in IImin 
- f' , , where correlation coefficient (Coft) 
co t 
slightly varies with the HFE7000 temperature as shown in Figure 5.2. The HFE7000 
temperature at the inlet of recuperator was ca. 35°C on most testing days and hence a 
value of 0.8765 was adopted for the correlation coefficient. 
The boiler usually needs 30-40minutes to heat tap water up to the setting 
temperature. In the particular testing day on 10 Sept 2009, after the water temperature 
reached the initial set point of 115°C. the HFE7000 pump was turned on so that the 
heat could be transferred from the hot water loop to the Organic working fluid loop 
and the test could be progressed. 
5.2.1. Non-power generation test 
A non-power generation test was firstly conducted (i.e. before the alternator was 
ex.cited for CHP/electricity generation tests). The main aims of the test were 
• to quickly examine the variations of the main parameters (e.g. RPM of 
turbine, the pressure at the turbine inlet, the pressure drop over the turbine 
and the refrigerant flow rate) with increasing refrigerant pump capacity, as 
shown in Table 5.1 and Figure 5.1 ; 
• to provide data for the comparison of the parameter variations with and 
without power generation at the same refrigerant pump capacity. 
Therefore, without alternator excitation, the HFE7000 pumping load was 
increased from 28% to 60 %. With the maximum hot water temperature set at 115°C, 
the moisture of HFE7000 would always appear when the pumping load was set to be 
higher than 60%, which would decrease the turbine RMP sharply. Each pumping load 
was operating for over 10 minutes to make sure the system become quasi-steady. It 
was difficult to operate the system under . steady-state' conditions as the biomass-
boiler heat output via the hot water did not exactly match the heat demand of the 
HFE7000 loop, especially at low HFE pumping loads and therefore the system was 
operating under 'quasi-steady' state conditions, i.e. with little variations of most 
measured parameters. 
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Figure 5.3 - 5.5 show that the alternator RPM, refrigerant flow rate and turbine 
inlet pressure increase with increasing HFE pump load. 
The other parameters such as temperatures, pressures, the organic working fluid 
flow rate, are mostly increasing with the HFE pump load, as shown in Table 5.1. 
However, although the boiler hot water temperature was staying around the setting 
point of 115°C, the actual maximum hot water temperature that was measured was 
still a few degrees below 115°C. The temperatures and pressures of HFE7000 loop 
were seen to increase with the increase of HFE pumping load. The cooling water inlet 
temperature remained at around IS.SoC and the cooling water outlet temperature 
increased with the HFE pumping load. The turbine pressure ratio between the inlet 
and the outlet was also showing a visible increase with the HFE pump load. These 
indicate more heat had been transferred from the hot water loop to the HFE loop as 
the HFE pump load increased - this was exactly expected as higher flows in the 
HFE7000 sides of the evaporator and superheater heat exchangers would lead to 
greater heat transfer from the hot water to the working fluid (HFE7000). 
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Figure 5.3 HFE7000 pumping load (%) vs. Turbine RPM 
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Table 5.1 Typical variations of parameters with various "FE pump loads (25 
kW biomass boiler without power generation) 
HFE pump load % 28 34 37 43 50 60 
Turbine RPM 1053 1278 1333 1611 1820 1970 
Alternator RPM 2106 2556 2666 3222 3640 3940 
HFE7000 flow rate m ( kg/min) 1.2 2.3 2.5S 2.96 3.6 4.S 
Boiler inlet water T ( DC) 108.6 104.3 104.4 10S.3 104.3 104.1 
Boiler outlet water T (oC) 113.1 111.8 110.1 111.3 111.1 113.2 
Turbine inlet HFE7000 T (DC) 108.1 105.6 106.3 107.8 108.1 112.2 
Turbine outlet HFE7000 T (oC) 96.4 95.4 97.4 98.3 99.2 99.9 
Evaporator inlet HFE7000 T(DC) 23.5 25.7 26.8 28.7 37.3 55.4 
Superheater outlet HFE7000 T(DC) 82.5 105.3 105.9 107.4 107.6 108.6 
Condenser inlet water T (DC) 15.9 15.2 15.3 15.4 15.5 15.6 
Condenser outlet water T (DC) 27.6 39.8 42.5 46.5 SO.4 52.4 
Turbine inlet HFE7000 P t in (bars) 1.96 2.4 2.62 2.72 2.82 3.17 
Turbine outlet HFE7000 P t_out (bars) 1.05 1.28 1.44 1.34 1.2 1.29 
Turbine pressure ratio, PUn/Pt_out 1.87 1.87 1.92 2.03 2.35 2.46 
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5.2.2. CHP/power generation test 
As discussed in Chapter 4, to generate electricity and conduct CHP testing, the 
alternator needs to be excited. After the alternator was excited, the alternator RPM 
would decrease and stabilize at a lower RPM than that achieved without excitation. 
The micro-CHP system generated Direct Currents from the mechanical energy of the 
turbine via the alternator. When a load was connected, the power output could be 
determined by measuring the DC current and voltage. A power generation and CHP 
test of the micro-CHP system could take several hours each time, usually with the 
biomass boiler continuously operating (with a hot water temperature set point of 120 
DC) and the organic working fluid pump operating with different loads. Figure 5.6 -
5.7 show the variations of the main temperatures and pressures for the system during a 
selected period of time. As explained in Chapter 4, the control panel of the 25 kW 
biomass boiler had not been designed to moderate the fuel consumption rate of the 
boiler and therefore the heat supplied by the hot water of the boiler could not exactly 
match the heat absorb rate by the HFE7000 loop of the micro-CHP system. Therefore, 
during the test hours, the boiler kept on stopping burning after the temperature of the 
hot water at the outlet of the boiler heat exchanger reaching its set point (120 DC), and 
re-starting burning again after the hot water temperature dropping by 2°C below the 
set point (118 °c in this test). Because of this 'stop & re-start' cycle, there were 
obvious water/ORC fluid temperature fluctuations during CHP testing as shown 
clearly in all Figures 5.6 - 5.7. 
During the power generation and CHP testing, different electric loads can be 
connected to the output of the alternator, and with the test conducted on 14 Sept 2009 
20W -rated DC bulbs were used as electric loads. The bulbs were added to the electric 
circuit carefully one after another with the increase of the HFE pumping load. The 
maximum electric power output of 344.6W (13.63V, 25.28A) had been achieved with 
the electric loads of 15 of 20W -rated DC bulbs connected in parallel. 
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Table 5.2 shows the variations of current and voltage under 6 different electric 
loads (from lObulbs to 15bulbs. 20W each) with the other operating conditions (e.g., 
the boiler settings. the H FE pump load, the cooling water flow rate etc.) of the micro-
CHP system tixed. Figure 5.9 shows the actual power outputs experimentally obtained 
with the 25 kW lh biomass boile-driven ORC-based micro-CHP system with various 
electric loads. The HFE7000 pumping load was set at 80% for all the testing period of 
Figures 5.8 - 5.9. 
Changing the eclectic loads not only leads to different amounts of electricity 
generated, but also affects other main ORC and system performance parameters such 
as ORC temperatures and pressures as shown in Table 5.2. The main parameters 
related to the maximum power output (344.5W) are those measured with the 15bulbs 
(the 151 right column of Table 5.2). 
It is difficult to make direct comparisons between the parameters of the micro-
CHP system measured without power generation (i.e. without the alternator excitation) 
shown in Table 5.1 and those measured with power generation (i.e. with alternator 
excitation) shown in Table 5.2 as different HFE pump loads and different hot water 
temperatures were used for these tests. The HFE pump load ranged from 28% - 60% 
with the test without power generation, whereas the HFE pump load of 80% was used 
with the power generation test. The maximum hot water temperature was set at 115°C 
for the former whereas for the latter at 120 Dc. Nevertheless, it can be observed from 
Table 5.1 and Table 5.2, the excitation of the alternator led to higher turbine inlet 
pressures whereas the turbine outlet pressure remained nearly the same and hence 
greater the turbine pressure ratio. The effect of the alternator excitation on the turbine 
RPM cannot be clearly illustrated by the measured values shown n Tables 5.1 - 5.2, 
due to different experimental conditions described above, but it was experimentally 
observed that once the alternator was excited, the turbine RPM decreased sharply. 
Direct comparisons of the measured parameters between those without power 
generation and those with power generation will be made in the following section -
the testing results with the 50kW biomass boiler. 
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Table 5.2 Variations ofthe main parameters of the micro-CUP system under 
different electric loads (25 kW biomass boiJer with power generation, UFE pump 
load 80%) 
10 bulbs 11 bulbs 12 bulbs 13 bulbs 14 bulbs 15 bulbs 
Electric loads (20W (20W (20W (20W (20W (20W 
each) each) each) each) each) each) 
Turbine RPM 2010 1940 1720 1629 1588 1593 
Alternator RPM 4020 3880 3440 3258 3176 3186 
HFE7000 flow rate 
6.03 6.31 6.36 6.22 6.3 6.6 
rft (kg/min) 
Boiler inlet water 
115.4 114.6 114.8 115.1 115 117.8 
T (oC) 
Turbine inlet 
HFE7000 T (oC) 
108.9 108.5 107.4 107.9 110.7 111 
Turbine outlet 
95.4 96.1 93.6 94.1 97.1 95.8 
HFE7000 T (oC) 
evaporator inlet 
63.8 61.9 62.5 61.5 64.2 95.8 
HFE7000 T(oC) 
superheater outlet 
109.3 108.9 107.8 108.3 110.9 110.7 
HFE7000 T(oC) 
Condenser inlet 15.9 15.9 16.1 16.1 16.1 16.2 
water T (oC) 
Condenser outlet 48.5 46.9 47.3 46.7 47.9 48 
water T (oC) 
Turbine inlet 
HFE7000 Pt_in 5.02 4.99 5.12 5.36 5.34 5.7 
(bar) 
Turbine outlet 
HFE7000 Pt_out 1.35 1.3 1.32 1.3 1.27 1.32 
(bar) 
Turbine pressure 
3.72 3.83 3.9 4.12 4.2 4.38 
ratio, PUn/Pt_out 
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To investigate the effect of the alternator on the amount of power generated, the 
Prestolite alternator (12Vo!ts, 100Amps) was connected into the micro-CHP ORC 
system to replace the original Bosch alternator (l2Volts, 100Amps) in the afternoon 
of the same testing day afternoon. Other experimental conditions were kept the same 
as those of the test with the 100A Bosch Alternator and the same 20W -rated DC bulbs 
were used as electric loads for the Prestolite alternator (l2V, 100A). However, with 
the same experimental conditions, the Prestolite alternator had a lower RPM and 
could only operate with as many as 11 bulbs. The HFE pumping load was the same 80% 
and the HFE7000 flow rate was observed to be slightly smaller than the system with 
the 100A Bosch alternator. The maximum electric power output with the Prestolite 
alternator was achieved with the electric load of 11 of 20W -rated DC bulbs connected 
in parallel but was only 249.9W (13.36V,18.7IA) which is about 95 W smaller than 
that achieved with the 100A Bosch Alternator. Figure 5.10 shows the variations of the 
DC currents and voltages under 6 different loads and Figure 5.11 shows the electric 
power output of this micro-CHP system with the Presto lite Alternator. The differences 
in electrical generation performance and weight between the two alternators are most 
likely to be responsible for the observed difference in power output. The Presto lite 
Alternator is more than two times heavier than the 140A Bosh Alternator. The 
Presto lite Alternator has the potential to generate greater power than the 140A Bosch 
Alternator if both have high RPM (e.g. 5000 RPM) as shown by their respective 
performance curves (Figure 4.24 And Figure 4.25). Unfortunately both alternators 
were running at a speed much lower than 5000 RPM. Heavy weight of the Prestolite 
Alternator led to a lower RMP than the 100A Bosch Alternator and hence the lower 
power output. 
Some power generationlCHP tests had also been carried out with the 100A Bosch 
Alternator (Figure 4.22), especially during the early months of 2009. The 100A Bosch 
Alternator is very similar to the 100A Bosch Alternator (Figure 4.22), except its 
current rating. However, under otherwise identical conditions, the 140A Bosch 
Alternator always led to higher power output than the 100A Bosch Alternator. 
Therefore, it can be concluded that the 100A Bosch Alternator was the best Alternator 
which led to the highest power output under the experimental conditions of the micro-
CHP system driven by the 25 kW biomass boiler. 
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Attempts had been made to test the micro-CHP system with the 25kW biomass 
boiler and a lubricated turbine (Figure 4.18, 8AM-FRV-2B) which is bigger than the 
non-lubricated turbine (Figure 4.17) in terms of capacity. Unfortunately, the SAM ... 
lubricated turbine was found to be seriously leaking during the preliminary trial runs. 
The leaking problem, combined with the arrival of a bigger lubricated turbine (Figure 
4.18 16AM-FRV -2) and the 50 kW biomass boiler at the end of 2009 led to decision 
to abandon the planned tests with the 8AM-FRV-2B lubricated turbine. 
5.3. Experimental Results with the Micro-CHP System Driven by the 
50kW Biomass Boiler 
The experiments based on the 25kW biomass boiler were completed by the end of 
2009. Since then, the micro-CHP experimental system had gone through a series of 
modifications including the replacements of the heat exchangers used as the 
evaporator and the superheater and the connecting pipes between the components of 
the micro-CHP system. As the 50 kW biomass boiler was to be used to drive the 
micro-CHP system, bigger heat exchangers and bigger connecting pipes had being 
used with the modifications. As explained in Chapter 4, the 50kW biomass pellet 
boiler can not only supply more heat to the micro-CHP system but also can supply the 
hot water at higher temperatures than the 25 kW biomass boiler. 
After successfully modifying the micro-CHP testing system and completing the 
connections of the micro-CHP components with the 50kW biomass boiler, 11 power 
generation and CHP tests had been successfully carried out with the modified micro-
CHP system between April 2010 and July 2010. The test on 22 June 2010 is selected 
as a typical example of the 50kW th biomass boiler-driven micro-CHP system test. The 
largest lubricate turbine (l6AM-FRV-2-NU, Figure 4.18) was used as the micro-CHP 
ORC turbine and the 140A Bosch Altemator was connected to the turbine with the 
same belt-pulley assembly as the tests with the micro-CHP driven by the 25kW 
biomass boiler. Refrigerant HFE7000 was used as the working fluid. The initial 
setting of the boiler hot water temperature was I30De. The hot water flow rate was 
measured to be around 27.5 11m and the cooling water for the condenser was the tap 
water with a temperature of about 16 DC and a flow rate of 19.0 11m. 
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5.3.1. Non-power generation test 
The test procedures for the 50 kW biomass boiler-driven micro-CHP system are 
the same as those adopted for the 25kW biomass boiler-driven micro-CHP system. 
Before the alternator was excited, a non-power generation test was conducted to 
examine the system performance, in particular, the variations of the main parameters 
such as the RPM of the turbine, the pressure at the turbine inlet, the pressure drop 
over the turbine and the refrigerant flow rate at various HFE pump loads. As the 
50kW biomass boiler produces more heat energy than the 25kW biomass boiler, the 
HFE pumping load can reach 100% without causing the appearance of the HFE7000 
moisture at the turbine inlet. The HFE pump load was set at 60%, 70%, 80%, 90% 95% 
and 100% in this particular test. The comparisons of the parameter variations with and 
without power generation (i.e. alternator excitation) at the same HFE pump load were 
made. Each pumping load was again operating for over 10 minutes to make sure the 
system become quasi-steady. 
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Figure 5.12-Figure 5.14 show that the alternator RPM, HFE7000 flow rate and 
turbine inlet pressure increase with the HFE pump load. 
Table 5.3 Typical variations of main parameters with HFE pump load (50kW 
biomass boiler without power generation) 
HFE pump load % 60 70 80 90 95 100 
Turbine RPM 1200 1228 1433 1655 1670 1710 
Alternator RPM 2400 2456 2866 3310 3340 3420 
HFE7000 flow rate m ( kg/min) 11.46 13.65 15.47 17.5 18.44 19.2 
Boiler inlet water T ( °C) 90.1 99.8 101.2 100.3 98.7 96.6 
Boiler outlet water T (oC) 113.1 123.5 127.8 128.8 128.1 126.6 
Turbine inlet HFE7000 T (oC) 112.7 121.6 125.6 126.3 125.3 123.2 
Turbine outlet HFE7000 T (oC) 105.4 116.7 121.9 123.3 122.6 120.6 
evaporator inlet HFE7000 
72.1 78.6 80.3 80.6 81.4 81.4 
T(oC) 
superheater outlet HFE7000 
114.2 122.7 
T(oC) 
127.1 127.8 127 125.3 
Condenser inlet water T (oC) 10.9 11.2 11.3 10.4 10.5 10.6 
Condenser outlet water T (oC) 40.3 44.5 47.6 47.1 48 48.6 
Turbine inlet HFE7000 PUn 
4.18 4.19 3.78 4.15 4.43 4.42 
(bars) 
Turbine outlet HFE7000 Pt_out 
3.33 3.54 3.46 3.31 3.37 3.47 
(bars) 
Turbine pressure ratio, 
1.16 1.17 1.22 1.26 1.27 1.28 
PUn/Pt_out 
The other parameters such as the temperatures, pressures and the flow rate of the 
organic working are changing with the HFE pump load, as shown in Table 5.3. The 
actual maximum boiler outlet water temperature was a few degrees below the setting 
point at 130°C. The temperatures and pressures of the HFE7000 loop were seen to 
mostly increase with the increasing of the HFE pumping load. The turbine pressure 
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ratio was also having a visible increase with the HFE pump load. However, the 
cooling water temperature remained as the cooling water temperature increased. 
5.3.2. CUP/power generation test 
The procedures for the power generation/CHP test of the 50kW biomass boiler-
driven micro-CHP were almost the same as those of the 25kW biomass boiler-driven 
micro-CHP system. With the continuous operations of the biomass boiler and the 
HFE pump, the alternator was excited following the steps described in Chapter 4. The 
alternator RPM was seen to decrease and stabilize at a lower RPM. The CHP system 
generated DC current from the mechanical energy of the turbine via the alternator. 
When loads were connected, the power outputs were measured. 
Each CHP test with the 50kW biomass boiler also takes several hours to complete, 
usually with the biomass boiler continuously operating with a hot water temperature 
set point of 130°C and the organic working fluid pump operating with different loads. 
Figure 5.15 and Figure 5.16 show the variations of main temperatures and pressures 
of the micro-CHP system in the selected time period on the testing day of 22 June 
2010. Comparing Figures 5.15 - 5.16 with Figures 5.6 - 5.7, it can be seen that the 
variations of temperatures and pressures for the 50kW biomass boiler-driven system 
are much smaller than those for the 25kW biomass boiler-driven system. This is 
mainly due to the notable difference in the way of combustion/operation between the 
two biomass boilers. With the modified micro-CHP system, all of the heat supplied by 
the hot water of the 50kW biomass boiler was absorbed by the HFE7000 loop of the 
micro-CHP system during the power generationlCHP test. Therefore, during this test, 
period, the boiler kept on burning wood pellet fuel at the 100% of its design load 
consistently, The hot water temperature of the boiler was always slightly below the set 
temperature point at about 128°C. Therefore, there was no 'idle' combustion period 
for the 50kW biomass boiler which was observed with the 25kW biomass boiler 
during its power generationlCHP tests. Because of this, there were no 'shoulders' of 
variations in Figures 5.15 - 5.16, which were common features of variations observed 
with the 25kW biomass boiler-driven micro-CHP system as shown in Figure 5.6 and 
Figure 5.7. 
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more electricit i expected to be generated from the 50kW biomass boiler-
dri en micro- II P stem. 20 of SOW -rated 0 bulb had been wired into the load 
c ircuit of the ·tem and connected to the o utput of the alternator as electri c loads . 
During the te t, th OW-rated D bulb were added into the circuit carefully one 
after anoth r \ ith the H F pump I ad et at 95 %. The maximum electric power 
output of thi ' te t, 74 .6v (II.OV, 6 .07 ) had been achie ved with the electric load 
of I of the 50 -rated DC bulb connected in parallel. Figure 5. I 7 shows the 
variation of the current and oltage with 5 different electtic loads (from 9 SOW-rated 
bulb to I SOW-rated bulb ). Figure 5. 1 show the electric power o utputs achieved 
with the 50kW bioma boiler-driven micro-CHP system with different electric loads. 
Changing the c Ie ti load no t only leads to different amounts of electricity 
generated , but al 0 affect other OR and micro-CHP system performance parameters 
uch a the OR temperature and pre ure , as hown in Table 5.4 which includes 
the o perating condition COlT ponding to the maximum power output (748.6W, 
18bulb ). 
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The data hown in Tab le 5.4 were mea ured under the condition of HF E pump 
load of 95 % and therefore the va lue of the parameter shown in Table 5.4 can be 
directl y compared \ ith tho e of the 2nd column on the right of Table 5.3 which were 
al 0 mea ured under the cond itio n of HF E pump load of 95% but without the 
excitation of th altemator. Comparing with the case of the micro-C HP y tern 
without power generation hown in Table 5.3, Table 5.4 hows that the excited 
turbine RPM decrea by more than a h a l l ~ ~ compared with the turbine RPM without 
the excitation of the alternator. Be ides, the turbine inlet pre sure, the turbine outlet 
pre ure and the turbine pre ure ra tio all increa e, whereas the HFE7000 n ow rate 
decrea e after the citation of the alternator. Under the investigated electric load 
condition, the outl t coo ling water temperature after the condenser remained at about 
46 - 4 o v hi h ver imilar to that achieved with the 25kW biomass boiler-
dri ven micro- H P tem (Table 5.2) . 
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Table 5.4 Variations of the main parameters of the micro-CHP system under 
different electric loads (50kW biomass boiler without power generation, HFE 
pump load: 95%) 
9 bulbs 13 bulbs 14 bulbs 16 bulbs 18 bulbs 
Electric loads (SOW (SOW (SOW (SOW (SOW 
each) each) each) each) each) 
Turbine RPM 648 707 778 789 796 
Alternator RPM ]296 ]414 1556 1578 1592 
HFE7000 flow rate m 
10.8 12.3 12.8 13.5 14.7 
( kg/min) 
Boi1er inlet water T 
100.34 99.01 93.34 94.51 94.6 
( °C) 
Boiler outlet water T 
131.05 130.44 127.01 128.9 129.68 
~ C ) )
Turbine inlet 
HFE7000 T (oC) 
124.33 121.47 112.5 113.8 108.54 
Turbine outlet 116.42 113.77 
HFE7000 T (oC) 
102.41 103.6 98.37 
evaporator inlet 
81.396 81.46 45.64 81.41 81.69 
HFE7000 T(oC) 
superheater outlet 
126.35 123.35 113.44 115.03 108.47 
HFE7000 T(oC) 
condenser inlet water 
11.129 10.15 12.61 12.5 11.83 
T (lC) 
Condenser outlet 47.59 46.4 46.15 47.02 46.96 
waterT (oC) 
Turbine inlet 4.97 4.57 4.98 5.25 5.53 
HFE7000 PUn (bar) 
Turbine outlet 
2.59 1.65 1.82 1.92 2.03 
HFE7000 Pt_out (bar) 
Turbine pressure ratio, 
1.66 2.09 2.11 2.13 2.15 
PUn/Pt_out 
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For comparison purpose, the Prestolite alternator (l4Volts, 200Amps) was 
connected into the SOkW biomass boiler-driven micro-CHP system to replace the 
original Bosch alternator (14Volts, 140Amps) and tested on 23 June 2010. The same 
lubricated turbine (16AM-FRV-2-NU, Figure 4.18) and the same pulley-belt assembly 
connecting the turbine and the alternator were used on 23 June 2010. Other operating 
conditions such as the set point of the biomass boiler hot water temperature and the 
HFE pump load remained the same as those of the power generationlCHP test on 22 
June 2010. The same SOW-rated DC bulbs were also used as the electric loads for the 
Prestolite alternator. 
Although the experimental conditions were the same as those of the 140A Bosch 
Alternator test on 22 June 2012 and the micro-CHP system with the Prestolite 
Alternator could operate with as many as 19 of 50W -rated bulbs, the electric power 
output was found to be somewhat lower than that of the micro-CHP system with the 
140A Bosch Alternator. The maximum electric power output for the Presto lite 
Alternator-based system was around 700W, first achieved with the electric loads of 14 
of SOW -rated DC bulbs. After that, more SOW -rated bulbs were added, the micro-
CHP system was still working properly, although the value of current kept on 
increasing with electric loads and the value of voltage was decreasing steadily. As a 
result, there was no obvious increase in electric power output when the electric loads 
were increased from 14bulbs to 19 bulbs, as shown by Figures S.19 - 5.20. The peak 
value of electric power output was found to be 707.8W (l1.79V, 60,0IA) 
achievedwith 14 bulbs. 
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5.4. Energy Balance Analysis of the Micro-CUP Tests 
The experimental results of the micro-CHP with Organic Rankine cycle driven by 
the 2SkW biomass boiler and the SOkW biomass boiler have been presented in the 
above sections. The maximum power output achieved was 344.S W for the 2SkW 
biomass-driven system and 748.6W for the SOkW biomass boiler-driven system, 
respectively. ORC engines have been not widely used among commercial CHP 
systems, partly because of their relatively low electrical conversion efficiency. 
However, for the low grade heat resources and micro-size systems such as the 
biomass-fired micro-CHP developed by this project, the ORC technology has be 
chosen due to its relative simplicity, low cost, favourable durability and perfonnance 
characteristics. The purpose of this section is to carry out the energy balance analyses 
of the biomass-fired micro-CHP experimental system. The results of these energy 
balance analyses can not only quantify the energy perfonnance of the evaluated 
experimental system but also reveal which components of the system should be 
improved in the future. Direct comparisons of the efficiencies between those predicted 
by the thennodynamic modelling shown in Chapter 4 and the experimental values to 
be derived with the energy analysis can also be made. 
5.4.1. Key equations related to the energy balance analysis of the experimental 
micro-CUP system 
The experimentally evaluated micro-CHP system mainly consists of two cycles: 
the hot water cycle heated driven by the biomass boiler and the organic Rankine cycle 
as already discussed in Chapter 4. Figure S.21 shows the layout of the two main 
cycles of the biomass-fired micro-CHP experimental system. Figure 5.22 shows the 
corresponding T -S chart of the Organic Rankine cycle of the system. The main 
equations that will be used in the energy balance analyses are to be summarized below, 
some of them already having been discussed in Chapter 3. 
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Figure 5.22 T -8 chart of the organic Rankine cycle of the experimental 
biomass-fired micro-CUP system 
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As shown in Figure 5.21, the organic Rankine cycle is a closed loop cycle, mass 
conservation of working fluid and the first law of thermodynamics can be applied to 
the ORC analyses. The ideal work output of the turbine (Wturb,lD) (process 3-4s) can 
be expressed as 
(5.1) 
As the process in the turbine is not an isentropic expansion process, the actual 
work output ofthe turbine (Wturb ) (process 3-4) is 
(5.2) 
Where rh is the working fluid mass flow rate (kg/s) measured by the HFE flow 
meter. There are pressure transducers and thermocouples before the inlet and after the 
outlet of turbine to measure the pressures and temperatures in the experimental micro-
CHP system. Therefore, with the known pressures (P3, P4) and temperatures (T3, T4), 
the thermodynamic properties of state point 3 and point 4, in particular the enthalpy of 
point 3 (h3) and point 4 (h4 ) can be solved out by use of the Thermodynamics 
Engineering Equation Solver (EES)(F-Chart Software). The actual work output of the 
turbine (Wturb) can then be calculated by use of Equation (5.2). Besides, as shown in 
the T-S chart (Figure 5.22), process 3-4s is an isentropic expansion process; the 
entropy value of point 4s should be equal to point 3, which has been solved within the 
step to calculate the actual turbine work output(Wturb )· Noting the pressure of state 
point 4s is the same as that of state point 4 as they are on the same isobaric line of 
Figure 5.22. With the known values of pressure and entropy, the enthalpy value (h4s ) 
of the state point 4s can be found via the EES(F-Chart Software). The ideal work 
output ofthe turbine (Wturb.ID) can then be calculated by use of Equation (5.1). 
The isentropic efficiency of the turbine (llturb ) can then be calculated as the ratio 
between the actual work output of the turbine (Wturb ) and the ideal work output of 
the turbine (Wturb,lD), i.e. Equation (5.3). 
llturb 
Wturb h3-h 4 
= =-- (5.3) 
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The generator (i.e. alternator) efficiency (TJalt) can be expressed as the measured 
power output (Wei) divided by the actual work output from the turbine(Wturb ). 
(5.4) 
Similarly, the ideal work input by the HFE pump (Wpump ,ID) (Figure 5.22) can be 
expressed as 
(5.5) 
Again, the process of the HFE pumping process cannot be an isentropic 
compression process, the actual work input by the HFE pump (l1'rump) (process 1-2 
of Figure 5.22) is 
Wpump , = ri1 . (hz - h 1) (5.6) 
The pressure at point 1 equals to the pressure of point 4 as the fluid saturated 
pressure, whereas the temperature and pressure at point 2 are measured at the outlet of 
the superheater. Therefore the enthalpy of point 1 (h1) and point 2 (hz) can be 
obtained by use ofEES(F-Chart Software). 
The net work of the ORC (W net) is the difference between the actual work output 
of the turbine (Wturb ) and the actual pump work input(Wpump ): 
(5.7) 
The heat transfer supplied by the biomass boiler via the evaporator and the 
superheater is 
(5.8) 
The thermal efficiency of the ORC can be expressed as the net work output of the 
ORC divided by the heat input into the ORC as below. 
Wnet 
TJORC = -Q. 
In 
(5.9) 
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For the hot water loop, the biomass boiler efficiency can be defined as the ratio 
between the heat released by the hot water through the evaporator and the thennal 
input to the boiler. 
_ Qwater _ riIwater (hsph)n -h ellap out) 
11boiler - -Q-- - Q 
burn burn 
(S.10) 
Where (rhwater) the measured hot water is flow rate (hsphjn) and 
(h evap _out) are the hot water enthalpies at the inlet of the superheater and outlet of 
the evaporator, respectively. The thennal input to the biomass boiler (Qburn) can be 
calculated from the wood pellet consumption rate of the biomass boiler, (M burn) and 
the calorific value (CV) of the biomass fuel: 
(S.11) 
As the boiler efficiency is to be evaluated on low heating value (LHV), the CV in 
the above equation is replaced with LHV. 
For the cooling water cycle, the heat absorbed by the COoling water In the 
condenser ( Q cond _w ) is 
(S.12) 
where (rhcooling_w) is the cooling water flow rate; hcond _out and hcond _in are 
cooling water enthalpies at the outlet and inlet of the condenser, respectively. 
Therefore, the electrical efficiency (11 ed, thennal efficiency (11th) and total CHP 
efficiency (11CHP) can be assessed as 
11e/ -
11th = 
Wei 
Qburn 
Qcooling_w 
Qburn 
11CHP = 11e/ + 11th = 
We/ + Q cooling w 
Qburn 
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(S.13) 
(S.14) 
(S.1S) 
The electrical efficiency (llel) and the total CHP efficiency (llcHP) are the most 
important parameters of the biomass-fired micro-CHP system developed and 
evaluated with the present research project. 
5.4.2. Results of energy balance analyses and discussion 
According to the various equations shown in above subsection, the efficiencies of 
the biomass-fired micro-CHP with ORC experimental system have been be calculated 
and presented in the tables below. 
Table 5.5 Results of energy balance analysis of the power generation/CUP 
test (25kW biomass boiler-driven micro-CUP system, 14 Sept 2009) 
Ilbulb 12bulb 13bulb 14bulb 15bulb 
Electric Loads (20W (20W (20W (20W (20W 
each) each) each) each) each) 
Turbine RPM 1940 1720 1629 1588 1593 
Alternator RPM 3880 3440 3258 3176 3186 
power output(W) 259.55 278.76 287.56 317.28 344.55 
Turbine efficiency 
49.51 48.59 51.37 52.68 51.78 
(%) 
Alternator efficiency 
46.54 50.14 48.07 50.25 54.63 
(%) 
ORC efficiency (%) 2.20 2.36 2.55 2.62 2.85 
Electrical efficiency 
0.87 0.96 0.99 1.07 1.17 
(%) 
Thermal efficiency 
80.95 80.76 79.34 80.37 85.05 
(%) 
CHP efficiency (%) 81.82 81.72 80.33 80.44 86.22 
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Table 5.5 shows the energy balance analysis of the power generation/CHP test 
conducted on 14 Sep. 2009 which was selected as a good example of the 25kW 
biomass boiler-driven micro-CHP tests. The non-lubricating turbine was applied on 
the micro-CHP system to drive the 140A Bosch alternator. As pointed out, the test 
achieved the best power output at 344.6W (13.63Y, 25.28A) with the 25kW biomass 
boiler-driven micro-CHP sysytem. 
Table 5.6 shows the results of the energy balance analysis of the pwer 
generation/CHP test conducted on 22 June 201 0 which was selected as a good 
example of the 50kW biomass boiler-driven micro-CHP tests. The largest lubricating 
turbine (l6AM-FRV-2) was applied on the system to drive the 140A Bosch alternator. 
The best power output result achieved with the test was 748.6W (ll.OY, 68.07A). 
During the writing up period of this PhD thesis, the micro-CHP system has been 
further tested by other members of the research team and achieved the maximum 
power output of about 950W. 
The ORC efficiency for the 25kW biomass boiler-driven micro-CHP system was 
found to be in the range of 2.20% - 2.85%, which is lower than that of the 50kW 
biomass boiler-driven micro-CHP system (3.48% - 3.89%). Although different types 
of micro-turbines had been used with the two micro-CHP systems, the turbine 
efficiency for the non-lubricated turbine which was used with the 25kW biomass-
driven micro-CHP system was found to be only marginally higher than that of the 
lubricated micro-turbine (l6AM-FRY-2) which was used with the 50kW biomass 
boiler-driven micro-CHP system (48.59% - 52.68% vs. 52.88% - 55.45%). The same 
140A Bosch alternator was used for the both micro-CHP systems with its efficiency 
being in the order of 50%. The main reason for the difference in ORC efficiency 
between two systems is due to the maximum temperature of the hot water: the 
maximum hot water temperature for the 25kW biomass boiler was 120°C whereas for 
the 50 kW biomass boiler it was 130°C. The thermodynamic modelling described in 
Chapter 3 confirmed that the ORC efficiency increases with the maximum 
temperature of the ORC cycle. Therefore, the experimental values of the ORC 
efficiency qualitatively agree with the results of the thermodynamic modelling. 
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Table 5.6 Results of energy balance analysis of the power generation/CUP 
test (50kW biomass boiler-driven micro-CUP system, 22 June 2010) 
13bulb 14bulb 16bulb 18bulb 
Electric Loads (SOw each) (SOw each) (50weach) (50weach) 
Turbine RPM 707 778 789 796 
Alternator RPM 1414 1556 1578 1592 
power output(W) 656.8 686.3 715.1 748.6 
Turbine efficiency (%) 53.40 52.88 52.94 55.45 
Alternator efficiency (%) 50.77 50.64 50.94 49.47 
ORC efficiency (%) 2.76 3.37 3.73 3.89 
Electrical efficiency (%) 1.30 1.38 1.39 1.43 
Thermal efficiency (%) 78.95 78.36 78.37 79.63 
CHP efficiency (%) 80.25 79.74 79.78 81.06 
However, experimental values of the maximum electricity generation efficiency of 
the two micro-CHP systems were found to be much smaller than those predicted by 
the thermodynamic modelling (ca. 1.45% vs. ca. 8% - 10%). Comparing the assumed 
parameter values shown in Chapter 3(Table 3.3) with the test results shown in Table 
5.5 and Table 5.6, it can be found that there are two main factors responsible for the 
apparent difference in the electrical generation efficiency between the experiments 
and the thermodynamic modelling: 
(1) The electricity generating system were not optimised 
As shown in Table 3.3, the model assumed the turbine efficiency of 85%, but the 
experimental results show that the experimentally determined turbine efficiency was 
only in the order of 50%. Besides, the thermodynamic modelling also assumed that 
the alternator efficiency of 90% which was much higher than the experimental values 
of around 50% with these two micro-CHP systems. This means the combined 
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efficiency f th mi ro-turbine and thc alternator which are connected by the pUlley-
belt a embl y wa only around 25%. 
The la k of c mmercially a ailable micro-turbines is one of the main difficultie 
facing the d eloper and re earcher of ORC-ba ed micro-CHP sy terns a already 
pointed out in Chapter 4 . The micro-turbine used in thi preject were modified from 
air mot r and are nowhere near ideal. Although they had been proved to be fea ible 
and succe ful during the te t their isentropic efficiencies were found to be relatively 
low. On th other hand, the connection between the turbine and alternator by an 
a embly of pulley and belt is not idcal , as shown in Figure 4.26. 
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Figur"c 5.23 Typical performancc curve of an alternator 
Moreover, the altemat rued in thi project were those of automobi les and they 
were de igned to run at high RPM. A hown in Figure 5.23 the altemator RPM 
need to be over 4000 to be more efficient. But the RPM of the Prestolite alternator 
(applied on the 50kW boiler drive sy tern) during the te ts was only around 1000 -
2000 which wa ju t abo e the minimum RPM for the altemator to generate any 
powcr- and the 80 ch altemator (applied on the 25kW boiler drive sy tern) during the 
te twas al 0 below 4000. 
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(2) The evaporator temperatures of the experimental systems were low 
The current designs, particularly the heat exchanger, of the biomass boilers used 
in the present experimental study need to be modified in order to improve the ORC 
efficiency and the electrical efficiency. Thermodynamic modelling of the proposed 
micro-CHP system in Chapter 3 has shown that the ORC efficiency and the electrical 
efficiency increase with the evaporator temperature. The maximum hot water 
temperature achieved with the 25kW biomass boiler was 120°C and 130°C with the 
50kW biomass boiler with corresponding evaporator temperatures significantly lower 
than the maximum temperature (160°C) that was used for thermodynamic modelling. 
The 25kW biomass boiler was originally designed for domestic heating supplies 
which only require hot water supplies at a maximum temperature of 95°C, whereas 
the 50kW biomass boiler was specifically designed for this project with aiming to 
produce hot water a maximum temperature of 180°C. But the actual maximum hot 
water temperature achieved during the experiments was much lower that what had 
been designed for with the original design. The traditional single water-path type of 
heat exchanger which was used with the 50kW biomass boiler and many other 
domestic biomass boilers is not likely able to produce hot water with the temperature 
up to 180°C. Therefore a new concept of heat exchangers for these biomass boilers 
such as a multi-water-path heat exchanger may be needed. This should be addressed 
in the future research of the project. 
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5.5. Biomass Boiler Flue Gas Emissions 
As pointed out in the previous Chapters, biomass fuel is a renewable energy and 
the combustion of biomass produces very little net C02. Besides, due to the low 
sulphur and low nitrogen contents of most biomass materials, substituting biomass for 
fossil fuels, particularly coal, can reduce SOx and NOx emissions. However, biomass 
combustion does generate pollution, in particular carbon monoxide and NOx. 
This section of the chapter presents and discusses the flue gas emissions, 
particularly carbon monoxide and nitrogen oxides, of the two biomass boilers, which 
were the key component of the investigated micro-CHP system, under various 
operating conditions. The biomass boilers used in the present study satisfy the current 
EU regulation (EN 303-05) on the emissions of domestic biomass boilers. The 
emissions of the 25kWth boiler had been measured not only under normal combustion 
conditions, but also under 'idle' combustion conditions when the boiler was not in but 
was ready for full operation, whereas the emissions of the 50kW biomass were only 
investigated under normal operating conditions. 
5.5.1. Flue gas composition and emissions of the 25kW biomass boiler 
Any fluctuations in fuel feeding rates or combustion air supplies can cause the 
composition and emissions of the flue gas to fluctuate. As shown in Figure 4.9 in 
Chapter 4, the wood pellets of the 25kW biomass boiler were fed into the combustion 
furnace by the fuel feed screw in a low rotating speed, and the air was supplied by the 
combustion air fan from the bottom of the boiler. The low rotating speed of the fuel 
feeding screw can cause some fluctuations of the flue gas composition and emissions. 
However, even bigger changes in flue gas compositions and emissions were observed 
as a result of 'stop-restart' cycle, i.e. the occurrence of the 'idle' states according to 
the boiler control programme, fuel feeding and air supply would be stopped when the 
hot water temperature of boiler meets its set point, and would restart if the water 
temperature is 2°C below the set value. The heat energy released by the boiler was 
absorbed by the micro-scale combined heat and power (CHP) system that was 
connected with the boiler. Therefore, the frequencies of the boiler stop/restart cycle 
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occurring depended on the boiler load and the amount of heat extracted by the C HP 
y tem . 
During the te -ts \\ ith th 25kW bioma boi ler, the heat suppli ed by thc boiler 
could not exactl match the h at ab orbing rate of the HF E7000 loop of the micro-
HP tem , and therefore the boiler opera ted intennittently. The test on 14 Sep. 
2009 a_ once again elected a a typical e ample of the 25kW biomass boil er-drive n 
micro-C HP Ie t . Figure 5 .24 clearly how that the flu e ga temperature and the 
boi ler output \ ater t mperature fluctuated in cycles of 'stop-restart' . 
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Figure 5.24 Variation of the flue gas temperature and boiler output water 
temperature (25kW biomass boilel') 
In an id al ea , bioma ombu tion ho uld repre ent the compl ete ox idati on of 
the olid organi part of the bioma into the ga e of C02 and H20 . However, the 
actual bioma far from idea l and involve the format ion of 
po llutant ( 0 , I " et .). Figure .25 to Figure 5.27 how the va riations of the 
mea ured 0 , and 0 mi ion, and CO2 and 0 2 oncentrat ion in the flue gas. 
The c learly dcm n trale that the llue ga em i ion of the domestic 25 kW wood 
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Figure 5.25 hows the NOx emis ions of the bo il er were be low 80 ppmv during all 
the operati on time. in'espective of n0 n11a l combustion or id le combusti on. In additi on, 
during nonnal combustion periods, CO emiss ions of the bo il er were found to be 
around 100ppmv at the most of the peri ods (F igure 5.26). Thi s indicate that the 
bo il er' s CO and 0 emi ss ions sati sfy the requirement of the EU regulation E 303-5 
whi ch onl y applies to the boiler when it is in normal combustion states. However, 
there i a sign ificant d ifference in CO emiss ions between no rmal combusti on and idl e 
combustion. When the bo il er wa in idle sta tes, the CO concentra ti o n in the flue gas 
rose to dangero usly high levels - a high as 0. 9% whi ch is about 90 times of the level 
when the boi ler in nonn al operati on peri ods. The CO concentrati ons under idle 
combustion conditions were dangero usly high which co uld ca use sen ous 
environmental and hea lth prob lems and deaths. Therefore, the flu e gas of the biomas 
bo il er ho uld always be pro perl y ventil ated . 
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Figure 5.27 CO2 and O 2 concentrations in the flue gas vs. Time (25kW 
biomass boiler) 
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Comparing Figure 5.25 with Figure 5.27, It can be seen that the NOx emissions 
follow the similar fluctuation trend of CO2 concentrations in the flue gas, whereas the 
concentration of 02 follows the opposite fluctuation trend of CO2• It should be noted 
that the NOx emissions expressed in ppmv shown in Figure 5.25 were not corrected by 
the 02 concentrations in the flue gas. Nitrogen oxides during biomass combustion are 
mainly due to thermal-NOx mechanism and fuel-NOx mechanism(Kenneth W. 
Ragland et al. 2010) and therefore the more biomass fuel is burned, the more nitrogen 
oxides are to be formed. The fluctuation trend of CO emissions shown in Figure 5.26 
appears to follow the opposite trend of 02 concentration in the flue gas Figure 5.27. If 
there was insufficient air supply, incomplete combustion and hence high CO 
emissions would be expected. The peaks of CO shown in Figure 5.26 corresponded to 
the moment when the boiler started its 'idle' period following a normal combustion 
period. 
5.5.2. Flue gas composition and emissions of the 50kW biomass boiler 
The configuration and components of the 25kWth and 50kWth biomass boiler are 
very similar as they were designed and manufactured by the same company. The 
wood pellets of the 50kW biomass boiler were also fed by the low speed fuel feed 
screw. There is a major difference, however, between the 50kW biomass boiler and 
the 25kW biomass in terms of the combustion air supply. The combustion air of the 
50kW boiler has been split to primary air and secondary supplies to the combustion 
furnace; the primary air is supplied through the small holes at the bottom of the fuel 
bed, whereas the secondary air is supplied by the four pipes above the fuel bed 
(Figure 4.8). With the adopted air staging, the formation of nitrogen oxides in the 
50kW biomass boiler can be controlled and hence the emissions of NOx can be 
reduced (Kenneth W. Ragland et al. 2010). 
There was a similar control system to feed in fuel and control the air supply 
automatically to that of the 25kW biomass boiler. However, during the CHP tests of 
the 50kW biomass boiler, the heat supplied by the boiler was matched by the heat 
absorbed by the HFE loop of the micro-CHP system. As the temperature of the boiler 
hot water could not meet its set point, the boiler was operating constantly during the 
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tc t P riods . Th r ~ ~ r . the 'idle' period such as those existed for the 2SkW bioma s 
b ilcr during it , CHP te t did not occur during the tests with the SOkW biomass 
boiler-drivcn micro- HP y tem . 
The te t on 10 Junc 20 I 0 i again elected a a typical example of the SOkW th 
bioma boiler emi -ion te t . The flue ga temperature followed the trend of the hot 
water t mperaturc a hown in Figure S.2 . 
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Figure 5.28 Variations of the flue gas and boiler- output water temperature 
(SOkW biomass boiler) 
omparing Figurc S.2 \ ith Figure S.24 , thc fluctuation with thc flue ga 
temperature urv and th hot wat r temperature are much mailer for the SOkW 
bioma boil r a the bioma boil r operated under normal combustion conditions all 
the time - there wa no idle period for this boiler. 
Figure .29 t Figure 5.31 how the varlation of the mea ured Ox and CO 
emi ion, and CO2 and O2 oncentration in the flue ga of the 50kW bioma s boiler. 
The 0 eml Ion of OkW th boiler were found to be below 50 ppmv during the 
te ting p riod a hown b Figure S.29 and much mailer than the Ox emissions of 
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In addition, during normal combustion periods, CO emissions of the 50kW 
biomas b ilcr were found to be around 200ppmv at the most of the o perat ion periods 
(Figure 5.3 0). 
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Figure 5.31 CO2 and O2 concentrations in the flue gas vs. Time (50kW boiler) 
In tantaneou mall fluctuation observed with the CO2 and O 2 concentrations 
(Figurc 5 .3 1) are mainly due to the feeding mechani sm of the wood pellets - non-
continuou feeding of wood pellet combined with continuous feeding of the 
combu tion air had led to mall fluctuation in CO2 and O2 concentration . 
5.5.3. Quantification of the 25kW biomass boilc." nue gas flow nte during idle 
period 
To quantify th amount of CO and Ox emission, the dry flue ga flow rate i 
a l 0 needed , in addition to the mea ured emis ions which are usually expressed in 
concen tration. Th dry flue ga fl ow rate of a biomas boiler undcr nomla l 
combu tion condition can be e timated by u e of the fuel analysi (Table 4. 1), the 
theory of combu tion toichiomctr, the mea ured 0 2 concentrati on in the flue gas 
and a uming the fuel i c mpletely bumed(Kenneth W . Ragland el 01. 20 10). For the 
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2SkW biomass boiler, the dry flue gas flow rate was estimated to be SSO l/min (1S DC, 
1 atm) under normal combustion conditions(Liu et al. 20 10). 
As discussed above, the 25kW biomass boiler was operating in stop/restart cycles, 
which means that there were periods when the boiler was 'idle'. When the boiler was 
in an idle state, there would be neither fuel feeding nor forced air supply but the 
residual fuel inside the furnace was slowly burning by use of the naturally ventilated 
air to the furnace. To calculate the amount of NOx and CO emitted by the boiler 
during the idle periods, the flue gas flow rate needs to be determined. The gas tracing 
method (Foulart et al. 2006) was used to determine the flue gas flow rate when the 
boiler was in idle states. 
The basic work principle of the gas tracing principle is the mass conservation law. 
As a known concentration and flow rate of the tracer gas was injected into the bottom 
of the chimney, the original flue gases in the chimney were diluted and the measured 
concentrations of gases before and after the injection of the tracer gases could be used 
to calculate the flue gas flow: 
Qflue CbefOore.i + Qtracer Ctracer.i = (Qflue + Qtracer )Cafter.i (S.20) 
Where Q is the flow rate and C is concentration. The calibration gas - IS00 ppmv 
COilS vol% C021N2 balance was used as the tracer gas. The flow rate ofthe tracer 
gas used was 60 litre (ISoC & latm)/min. 
When the boiler was in an idle state, i.e. after the boiler reached the set water 
temperature but before restarting, the flue gas compositions were measured before and 
after the injection of 60 litre/min of the tracer gas. Using formula (S.16) and the data 
shown in Figure S.32, the flue gas flow rate when the boiler was in a idle state was 
estimated to be around 93 ± S litre( ISoC, 1 atm)/min, which was about 17% of the flue 
gas flow when the boiler was in normal operation at its designed load. Figure S.32 
shows that both CO2 and O2 are good as the tracer gas components, whereas CO and 
NOx are less reliable and accurate as the tracer gas components. 
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variations of C02 & 02 befoer and after mixtu re injection 
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Figu re 5.32 Mea ured concentrations of CO 2 and O 2 in the flue gas before 
and a fter the inj ection of the tracer gas at 60 litres/min 
;!. 
"0 
:> 
c 
o 
... 
c 
J 5 
variat ion of CO before and afte r mi tu re injection 
- (" 
(b) 
TIme, hr :min:sec 
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Figure 5.34 Mea ured concentrations of NOX in the flue gas before and after 
the inj ection of the tr'acer gas at 60 litres/min (25kW biomass boiler) 
Thi i mainl becau c: 
(I) Th concentration of CO and lOX before the tracer ga injection were 
imil ar to tho - of the tracer ga ; 
(2) 0 t-i'om th tracer ga could b oxidised in the furnac ; 
(") in the tra r ga cou ld be redu ed by the fuel-rich fl ame in the furnace 
\ ia the reburning m' hani 111 (Liu (!{ al. 1997). 
(4) I X fornled from the fuel-rich 11am in the furnace cou ld be affected by the 
temp rature drop r ultcd fr m the tra er ga injection and by 0 from the tracer ga . 
ing th alue of th 11ue ga tlow rate for an idle period and the concentration 
of 0 mea ur d dUling the idl period, the amount of CO emitted during the period 
can be e timated . ing the data h wn in Figure 5.26, the amount of CO em itted 
during a 3 minute idle p riod " a e timated to be a much a twice of that was 
emitted during a 12 minute nonnal operati on period . 
5.6. Potential carbon saving with the micro-CHP system driven by 
50kW biomass boiler 
A brief description was made in section 2.3 about the great energy and carbon 
emission savings by using M-CHP system to replace conventional separate heat and 
power, i.e. a central heat boiler and grid electricity, in typical UK homes. A CHP 
system fuelled by a renewable energy resource, such as biomass in this test, would deliver 
even more environmental benefits than a fossil fuel-driven CHP. The potential carbon 
saving with the 50kW biomass-fired micro-CHP system over a conventional separate 
heating and electricity system has been estimated and presented in this section. 
To estimate the carbon savings, CO2 emission factors of the UK grid electricity, fossil 
fuels and biomass pellets are needed. Table 5.7 shows the carbon emission factors of 
various fuels and electricity recommended by The Carbon Trust (Carbontrust, 2011). 
Table 5.7 C02 emission factors 
Energy source Units kg C02e per unit 
Grid electricity kWh 0.54522 
Natural gas kWh 0.18523 
kWh 0.21445 
LPG 
litres 1.492 
kWh 0.27533 
Gas oil 
litres 3.0212 
kWh 0.26592 
Fuel oil 
tonnes 3219.7 
kWh 0.24683 
Burning oil 
3164.9 tonnes 
kWh 0.25301 
Diesel 
tonnes 2.672 
kWh 0.24176 
Petrol 
tonnes 2.322 
kWh 0.32227 
Industrial coal 
tonnes 2336.5 
kWh 0.03895 
Wood pellets 
183.93 tonnes 
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Greenhouse gas conversion factors are used to calculate the amount of greenhouse 
gas emissions caused by energy use. They are measured in units of kg carbon dioxide 
equivalent. In order to convert 'energy consumed in kWh' to 'kg of carbon dioxide 
equivalent'. the energy use should be multiplied by the C02 emission factor given in 
Table 5.7. 
As a result of its cool maritime climate, the UK has a significant heating season 
spread over several months, with the demand for space heating ranging up to 4,000 
running hours per year (Jeremy Harrison 2010) which has been used to estimate the 
total C02 emissions of the micro-CHP and the separate heat and power systems. 
The 50kW biomass boiler-driven micro-CHP system generates electricity of 
748.6W and heat of 43.7kW by consuming 52.35kW wood pellets. The C02 emission 
of the 50kW biomass boiler-driven micro-CHP system can be calculated as: 
MeOZ-tseted = Qbiomass input * wood pellets emission factor *4000 (5.21) 
Hence the C02 emission of the biomass micro-CHP system can be estimated as 
81 56kg per year. 
The C02 emission released by a conventional separate heat and power system, 
which supplies the same amounts of electricity and heat as those of the biomass 
micro-CHP, consists of two parts: one due to the heat used for space and water heating 
inside the building mostly from a nature gas boiler, and the other due to the electricity 
used within the house supplied by the grid. Assuming the energy conversion efficiency of 
the natural gas boiler is 80%, the C02 emission of the conventional separate heat and 
power can be calculated as: 
Meoz-conventional = (Jele * Grid electricity emission factor + Q_thermal/ 
TJ_(gas boiler) * Natural gas emission factor) *4000 (5.22) 
With the CO2 emission factors given in Table 5.7, the C02 emission of the 
conventional separate heat and power system is found to be 61788kg per year. 
The above estimates indicate that the biomass micro-CHP system can save C02 
emissions of 53632kg per year and the percentage of C02 emission saving is 86.8%. 
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5.7. Conclusions 
The micro-scale biomass-fired CHP with ORC has been constructed and tested 
with a 25kW biomass boiler and a 50kW biomass boiler. The experimental results are 
presented and discussed in this chapter. 
The 25kW biomass boiler-driven micro-CHP system, having an ORC efficiency in 
the range of 2.20% - 2.85%, can generate electricity of 344.6W and heat of 20.3kW, 
corresponding to electricity generation efficiency 1.17% and CHP efficiency 86.22%. 
The 50kWth biomass boiler-driven micro-CHP system, having an ORC efficiency of 
3.48% - 3.89%, can generate electricity of 748.6W and heat of 43.7kWth, 
corresponding to electricity generation efficiency 1.43% and CHP efficiency 81.06%. 
Several modified air motors have been experimentally evaluated as the ORC 
micro-turbines with the present project. The tests have confirmed the feasibility of the 
modified air motors as ORC micro-turbines. However, the turbine efficiency was 
found to be relatively low, only in the order of 50% for both of the non-lubricated 
turbine and the lubricated turbine (16AM-FRV-2). 
To convert the mechanical energy of the micro-turbine to electricity, car 
alternators have been connected to the micro-turbine by the pulley-belt assembly. 
Under the same conditions, the 140A Bosch Alternator leads to the highest electrical 
output among the three alternators tested: the 140A Bosch Alternator, the 100A Bosch 
Alternator and the Presto lite 200A alternator. However, the alternator efficiency is 
low, only as high as ca. 50%. 
The relatively low turbine efficiency (ca. 50%) and low alternator efficiency (ca. 
50%) of the current experimental systems and the low evaporation temperatures of the 
organic working fluid are the main factors responsible for the low electrical efficiency 
observed with the experiments than that predicted by the thermodynamic modelling. 
Monitoring of the flue gas emissions confirms that both of the 50kW biomass 
boiler and 25kW biomass boiler emit low levels of CO and NOx under normal 
combustion conditions, which confirms that the boilers satisfy the EU regulations on 
domestic biomass boiler emissions (EN303-5). In addition, air staging adopted with 
the 50kW biomass boiler was proved to be effective in controlling NOx emissions. 
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However, during the idle periods of the 25kW biomass boiler, the CO 
concentration in the flue gas could be dangerously high - up to 0.9%. The gas tracing 
method was successfully used to detennine the flue gas flow rate when the boiler was 
in an idle state, which was found to be about 17% of the flue gas flow when the boiler 
was in nonnal operation at its design capacity. The amount of CO emitted during a 3 
minute idle period was estimated to be as much as twice of that was emitted during a 
12 minute nonnal operation period. 
If the 50kW biomass boiler-driven micro-CHP system is used to replace a 
conventional separate heat and power system of a natural gas boiler and grid 
electricity, over 80% of the C02 emissions of the conventional separate heat and 
power system could avoided. 
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Chapter 6. Conclusions and Recommendations 
for Future Work 
The present PhD thesis has reviewed the current development of biomass-fuelled 
micro-CHP and discussed the potential advantages of micro-CHP system with ORC 
driven by biomass. Then it has described and discussed the thennodynamic modelling 
of the proposed micro-scale biomass-fired CHP system with ORC. Finally it has 
detailed the laboratory testing of the assembled micro-scale biomass-fired CHP 
system driven by a 25kW biomass boiler and a 50kW biomass boiler, respectively. 
The micro-scale biomass-fired CHP system with ORC developed by the research 
team of University of Nottingham including the author of this PhD thesis mainly 
consists of a biomass boiler, an ORC fluid evaporator, an ORC turbine, an alternator, 
a heat recouperator and a condenser. The boiler produces hot water which transfers 
heat to the organic working fluid via the evaporator. The generated organic fluid 
vapour drives a turbine to rotate an alternator, producing power. The expanded 
organic fluid vapour leaving the turbine transfers some of its heat to the recouperator 
and then is condensed by cooling water which can be heated to around 40 - 50°C for 
domestic washing and under-floor heating purposes. 
6.1. Conclusions 
The following conclusions can be drawn from the present PhD research: 
(1) CHP represents a major alternative to traditional energy systems in terms of 
significant energy saving and environmental conservation. A CHP system 
fuelled by a renewable energy resource, such as biomass would deliver even 
more environmental benefits than a fossil fuel-driven CHP. 
(2) Biomass plays an important role to the world pnmary energy supplies, 
currently providing approximately 14% of the world's primary energy needs 
and being the fourth largest contributor following coal, oil and natural gas. 
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Although many medium- and large-scale biomass-fired CHP plants have been 
demonstrated and commercialized in many parts of the world, few biomass-
fuelled micro-scale CHP (1-1 OkWc) systems suitable for building applications 
have been demonstrated or commercialized. 
(3) ORC is a suitable thermodynamic cycle that can operate with waste heat and 
renewable energy resources that are available at relative low temperatures. The 
biomass-fired micro-scale CHP system with ORC developed at University of 
Nottingham has potential benefits in terms of safety, stability, high energy 
efficiency and reducing environmental impacts. 
(4) The proposed biomass-fired micro-CHP system with ORC has been 
thermodynamically modelled with three selected dry organic working fluids, 
namely HFE7000, HFE7100 and n-pentane with various ORC configurations. 
The modelling conclusions are listed as following: 
a) The modelling results have shown that the electrical efficiency of the micro-
CHP system depends on not only the modelling conditions but also the ORC 
fluid. A comparison of the three fluids shows that n-pentane exhibits the best 
electrical efficiency and follows the following order: n-pentane > HFE7000 > 
HFE7100. But as n-pentane is a flammable fluid, the use of n-pentane in a 
domestic micro-CHP system might not be straightforward. Consequently, 
HFE7000 is recommended as the preferred working fluid of the proposed 
micro-CHP system for the experimental testing stage. HFE7100 can yield a 
better efficiency than HFE7000 at the highest modelled evaporator 
temperature (433K) and therefore if the biomass boiler can produce a hot 
water with a minimum temperature of 443K, HFE7100 can be used as the 
preferred ORC working fluid for the experimental testing. 
b) The modelling results also show that using an Internal Heat Exchanger 
improves the CHP electrical efficiency. An IHE will increase the system 
electrical efficiency, whilst keeping the overall efficiency nearly the same. 
Under the system operating conditions assumed in the model, the efficiency 
curve almost follows a linear pattern; the efficiency increase can be estimated 
to be 0.4-0.5% for every 10K of temperature drop in the internal heat 
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exchanger. The increase rate for n-pentane is slightly lower than those for 
HFE7000 and HFE71 00. 
c) The modelling results have shown that both superheating and subcooling have 
a negative effect on the predicted electrical efficiency. As only dry fluids are 
to be used with the proposed micro-CHP system, superheating is not required 
for safety reasons with regard to turbine blades. The additional heat input 
required for superheating does not increase the pressure difference across the 
turbine, and therefore the work output will almost the same as that with no 
superheating and hence leads to a lower electrical efficiency. Subcooling is 
used to prevent vapour from going into the pump; therefore a low degree of 
sub cooling is acceptable. However, subcooling the working fluid has a 
negative effect on the system electrical efficiency. For the same work output in 
the turbine, more heat is needed to bring the fluid to the evaporator 
temperature. 
(5) The micro-scale biomass-fired CHP with ORC has been constructed and tested 
with a 25kW biomass boiler and a 50kW biomass boiler, respectively. 
a) The 25kW biomass boiler-driven micro-CHP system, having an ORC 
efficiency in the range of 2.20% - 2.85%, can generate electricity of 
344.6W and heat of 20.3kW, corresponding to electricity generation 
efficiency 1.17% and CHP efficiency 86.22%. 
b) The 50kWth biomass boiler-driven micro-CHP system, having an ORC 
efficiency of 3.48% - 3.89%, can generate electricity of 748.6W and heat 
of 43.7kWth, corresponding to electricity generation efficiency 1.43% and 
CHP efficiency 81.06%. 
c) Several modified air motors have been experimentally evaluated as the 
ORC micro-turbines with the present project. The tests have confirmed the 
feasibility of the modified air motors as ORC micro-turbines. However, 
the turbine efficiency was found to be relatively low, only in the order of 
50% for both of the non-lubricated turbine and the lubricated turbine. 
d) To convert the mechanical energy of the micro-turbine to electricity, car 
alternators have been connected to the micro-turbine by the pulley-belt 
assembly. Under the same conditions, the 140A Bosch Alternator has been 
found to lead to the highest electrical output among the three alternators 
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tested: the 140A Bosch Alternator, the 100A Bosch Alternator and the 
Prestolite 200A alternator. However, the alternator efficiency is low, only 
as high as ca. 50%. 
e) The relatively low turbine efficiency (ca. 50%) and low alternator 
efficiency (ca. 50%) of the current experimental systems and the low 
evaporation temperatures of the organic working fluid are the main factors 
responsible for the low electrical efficiency observed with the experiments 
than that predicted by the thermodynamic modelling. 
f) Monitoring of the flue gas emissions confirms that both of the 50kW 
biomass boiler and 25kW biomass boiler emit low levels of CO and NOx 
under normal combustion conditions, which confirms that the boilers 
satisfy the EU regulations on domestic biomass boiler emissions (EN303-
5). In addition, air staging adopted with the 50kW biomass boiler has been 
proved to be effective in controlling NOx emissions. 
However, during the idle periods of the 25kW biomass boiler, the CO 
concentration in the flue gas could be dangerously high - up to 0.9%. The gas tracing 
method has been successfully used to determine the flue gas flow rate when the boiler 
was in an idle state, which was found to be about 17% of the flue gas flow when the 
boiler was in normal operation at its design capacity. The amount of CO emitted 
during a 3 minute idle period was estimated to be as much as twice of that was 
emitted during a 12 minute normal operation period. 
6.2. Recommendations for future work 
The current biomass-fired CHP system with ORC has proved to be feasible, but 
with lower power output efficiency than that predicted by the thennodynamic 
modelling. The relatively low turbine efficiency and low alternator efficiency of the 
current experimental system are the main factors that need to be improved in the 
future. Micro-turbines and alternators with better perfonnance in relative low PRM 
ranges will make visible improvements to the system electrical efficiency. Besides, 
different connection methods between the micro turbine and alternator such as direct 
coupling may be considered in the future. 
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In addition, a new concept of heat exchanger for the biomass boiler such as a 
multi-water-path heat exchanger may be needed in order to generate hot water with 
temperature higher than 130°C which was achieved with the 50kW biomass boiler. 
Thennodynamic modelling of the proposed biomass-fired micro-CHP system has 
shown that the ORC efficiency increases with the evaporator temperature but the 
50kW biomass boiler used in the experimental investigation of this project has never 
achieved its deigned hot water temperature of 180°C. 
The thermodynamic modelling of the proposed biomass-fired micro-CHP system 
with ORC could also be extended to other environmentally friendly fluids such as 
HFE7200. Obviously, the modelling of any new ORC fluids will depend on the 
availability of thermodynamic properties with the selected modelling software such as 
EES that has been used in the present research. 
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